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Abstract 
This dissertation was written as a part of the MSc in Energy Building Design at the In-
ternational Hellenic University.  
Urban Heat Island effect is a crucial issue for many metropolitan cities, while envi-
ronmental consequences of climatic change continuously overwhelm every region all 
over the world. Many countries take extensive measures so as to counterbalance poten-
tial effects in people’s every-day life, creating different technologies and strategies of 
mitigation. Since ancient times, green roofs constitute a great concern as a mediator be-
tween nature and artificial urban environment. But how the implementation of specific 
type of vegetated roof can deeply been involved into environmental consequences gen-
erated by human activity into fast-pace urban layout?  
This particular study aims to comprehend the direct environmental contribution of a 
specific green roof type to some fundamental impacts of Urban Heat Island effects. The 
evaluation is conducted by Life Cycle Analysis and Life Cycle Cost assessment of a 
hypothetical implementation into a particular case-study area in the city of Thessaloniki, 
a small metropolitan center of Southern Europe. 
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ing the implementation of green roof technologies. 
 
Charilaos Papageorgiou 
Architect-Engineer M.Arch. 
16 December 2018 
 
 
 
 
-iv- 
 
Contents 
ABSTRACT .................................................................................................................. III	
CONTENTS.................................................................................................................. IV	
1	 INTRODUCTION ......................................................................................................1	
1.1	 CLIMATE CHANGE ...............................................................................................1	
1.1.1	 Concept .................................................................................................1	
1.1.2	 Urban Heat Island Effect ....................................................................4	
1.2	 CLIMATE SUSTAINABILITY ..................................................................................5	
1.2.1	 Mitigation and adaptation ...................................................................5	
1.2.2	 Urban green infrastructure .................................................................7	
2	 GREEN ROOF SYSTEM ........................................................................................9	
2.1	 MAIN FEATURES .................................................................................................9	
2.1.1	 Typologies ..........................................................................................10	
2.1.2	 Components .......................................................................................10	
2.2	 ENVIRONMENTAL BENEFITS .............................................................................13	
2.2.1	 Urban water management ...............................................................13	
2.2.2	 Air and water purification mean ......................................................14	
2.2.3	 Noise reduction ..................................................................................16	
2.2.4	 Biodiversity and agriculture .............................................................16	
2.2.5	 Energy related benefits ....................................................................17	
2.2.6	 Economic aspects .............................................................................18	
2.2.7	 Social aspects ....................................................................................18	
3	 RESEARCH FRAMEWORK ................................................................................19	
3.1	 THE CITY OF THESSALONIKI .............................................................................19	
3.1.1	 Climate conditions .............................................................................19	
3.1.2	 Environmental problems ..................................................................20	
3.2	 CASE STUDY .....................................................................................................28	
  -v- 
3.2.1	 Goal and Scope .................................................................................28	
3.2.2	 Selection Criteria ...............................................................................29	
4	 LIFE CYCLE METHODOLOGY ..........................................................................34	
4.1	 MATERIALS AND METHODS ..............................................................................34	
4.1.1	 LCA overview .....................................................................................34	
4.1.2	 State of the art analysis ....................................................................36	
4.2	 ENVIRONMENTAL LIFE CYCLE ASSESSMENT (LCA) .......................................42	
4.2.1	 General Methodology .......................................................................42	
4.2.2	 Goal and Scope Definition ...............................................................43	
4.2.3	 Inventory analysis (LCI) ...................................................................45	
4.2.4	 Impact Assessment (LCIA) ..............................................................51	
4.3	 LIFE CYCLE COST ASSESSMENT (LCC) .........................................................52	
4.3.1	 Theory .................................................................................................52	
4.3.2	 Methodology .......................................................................................53	
5	 RESULTS ................................................................................................................58	
5.1	 ENVIRONMENTAL LCA .....................................................................................58	
5.1.1	 Traditional Horizontal Roof (THR) ..................................................59	
5.1.2	 Extensive Green Roof (EGR) ..........................................................63	
5.1.3	 Comparison THR and EGR .............................................................67	
5.1.4	 Sensitivity analysis ............................................................................71	
5.2	 ECONOMIC LCA ...............................................................................................77	
6	 DISCUSSION ..........................................................................................................79	
BIBLIOGRAPHY ..........................................................................................................88	
ENGLISH ....................................................................................................................88	
GREEK .......................................................................................................................94	
WEBSITES .................................................................................................................94	
APPENDIX ....................................................................................................................95	
 
 

  -1- 
1 Introduction 
1.1 Climate change 
The first scientific journal published, in 1977, titled Climatic Change, defines that a 
global “phenomenon” not only expresses the alteration of climatic conditions over the 
last decades, but was also presented as an urgent issue, dealing with the alteration of 
physical properties of the global system and a wide range of human activities, which 
affect the function of this system. "It is extremely likely that human influence has been 
the dominant cause of the observed warming since the mid-20th century." [1] 
1.1.1 Concept 
Human activity causes the distortion of climate conditions on a global level, inducing 
the greenhouse effect. The climatic concentration related to greenhouse gases (GHGs) 
and the variation of levels of carbon dioxide, methane and nitrous oxide, would change 
seasonal temperature and effect the flora and fauna [2]. Over the last 30 years, all 
greenhouse gas emissions have escalated by 1.6% approximately per year, from which 
CO2 emissions produced by fossil fuel, exceeded 1.9% per year [3]. According to Mori-
ta (2001), in major sectors, the highest rate of GHGs emissions were produced by Pow-
er supply (21%), forestry (17%) in developing countries and industry (19%) in devel-
oped countries [6]. America gathers the highest percentage (26%), second is Europe 
(16,4%) and third is China (10,7%) [4]. Scientists estimate that by 2100 the percentages 
of carbon dioxide in the atmosphere will fluctuate between 541 and 970ppm [5]. Ac-
cording to the Organization for Economic Cooperation and Development (OECD), CO2 
concentration levels, derived from burning coal, have risen dramatically, with their peak 
point coming from countries such as Russia, Germany, Poland, Ukraine and the United 
Kingdom, from 2005 to 2008. Since 1990, only four countries have seen a significant 
increase in emissions from coal burning; Turkey (181%), Finland (121%), Italy (115%) 
and Greece (108%). Since 2008, the top 20 countries have contributed crucially in re-
ducing carbon dioxide emissions and are presented in table 1.1. The presented data are 
based on statistical analysis of 2008.  
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Table 1.1: Annual CO2 emissions from coal in Europe [90] 
 
Emissions levels affect the global average temperature of the atmosphere, which is 
recorded to be increased periodically by 0.85 Celsius degrees, and has increased from 
0.3 up to 1.7 Celsius degrees. The moisture levels per regions present an alteration by 
52-98cm, and the melting of ices in Arctic zone [7]. From 1960 to 2000, a sharp in-
crease revealed in heat waves in many regions of the planet, combined with seasonal 
changes in atmospheric circulation and precipitation. These events could describe and 
evaluate possible increase in the frequency and intensity of long-term weather events in 
every climate zone. There is a direct correlation with intense seismic and volcanic activ-
ity which is affecting the geomorphology of several areas. A major example is the tsu-
nami phenomenon, which is caused by the escalation of ocean temperature and subma-
rine land wasting. Furthermore, the ocean acidification and depopulation of marine spe-
cies concern a long-term question related with global warming. 
Climate change is not only a consequence of the distortion of physical parameters of the 
eco-system. Human civilization of all races is in danger facing the impacts of such hu-
man activity. According to scientific data and several studies, the climate change affects 
mainly the poorest countries (low GDP) and low-lying areas, such as Bangladesh. The 
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alteration of sea level creates the social issue of homelessness population, migration 
waves in higher altitude and in different climatic zones. According to the simulation 
tools (CMIP5) it has been asserted that the intense climatic variations affect 571 Euro-
pean cities and mainly southern Europe. “Over 100 cities are particularly vulnerable to 
two or more climate impacts” [15]. A typical example constitutes Russia in 2010, when 
the hottest summer since 1500 was recorded and caused 55,000 deaths and a significant 
loss of 1% of GDP of the country, mainly from agricultural activity [16]. At the same 
time, extreme weather phenomena enhance negative results in agriculture, affecting the 
production rate of raw materials and thus the local economy and the growth rates. An 
IPCC A1B study showed that in 2015 the greenhouse effect overwhelmed the global 
economy by US 43 trillion [12]. Additionally, public health, injuries and even fatalities, 
malnutrition in certain areas, estimated to be key issues of climate change. Danger for 
forest fires, the extinction of animal species around the world and the spread of diseases 
will constantly threaten human life. 
The concept of climate change began to concern Governments in many regions and 
the scientific community worldwide.  Intergovernmental Panel on Climate Change 
(IPCC) and the United Nations Framework Convention on Climate Change (UNFCCC) 
comprehend, analyze, create and contribute in a proper manner, practices of mitigation 
of the rising global temperature and levels of carbon dioxide that have been observed so 
far. The first attempt was the implementation of the Kyoto protocol that provided legal 
regulations and tools, addressing mainly developed countries, for mitigation and adapta-
tion methods for global warming until 2012 and then until 2020. Organized global bod-
ies support continuous efforts, in order to achieve the objectives’ set. The latest orga-
nized conference, entitled COP21, was held in Paris in 2015. At global level, it is con-
sidered the most crucial in history, in which all nations have a common responsibility to 
combat climate change. Common target is to reduce the global temperature at 2 Celsius 
degrees above pre-industrial level. Through technology tools, appropriate economic 
programs and building framework, developed countries and some vulnerable countries, 
pursue efforts to implement and carry out ways of adaptation to natural environment 
and ways to decrease climate change. European Union has drafted laws, Treaty and Di-
rectives, such as Directive 2001/77/ EU which refers to the production of energy from 
renewable energy technologies. The target is to reduce carbon dioxide emissions 
through funding, infrastructure and law-making in an ecological direction, through an 
unmistakable and reliable system.  
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Individually or collectively, the impacts of global warming would dive natural and hu-
man environment into risks, which is crucial to be evaluated and carefully give alterna-
tive scenarios concerning future life. 
1.1.2 Urban Heat Island Effect 
Extreme weather events caused by climate change affect considerably the population 
culture worldwide. The phenomenon of communities’ migration in different areas into 
same regions or even in different climate zones, redefines the Urban Heat Island effect 
(UHI), in conjunction to the urbanization of 20th century; the considerable increase of 
local temperature into urban areas, mostly in metropolitan cities, in comparison with the 
ambient temperature of surrounding rural areas. This variation is larger mainly during 
night, especially when wind is weak into urban fabric and is presented during summer 
and winter periods. The most extreme UHI effect has been observed in cities with lower 
latitude, such as tropical or sub-tropical climate or even in Mediterranean countries 
[36]. 
The main reason, related to human activity during periods, was explained through 
the moderation of all surfaces and the land-use [26]. Geomorphological characteristics, 
construction patters, types of buildings and roads, the lack of green areas mainly into 
the very city center and the extensive use of non-eco-friendly materials, might be some 
of the main aspects of UHI effect. Generated thermal heat remains into urban fabric en-
gendering to high surface and air temperature. Additionally, common-used black mate-
rials and the lack of vegetation areas, reduce the evaporation and the transpiration natu-
ral process, thus air quality is mixed with pollutants like carbon dioxide. Various tall 
buildings with multiple surfaces create the effect of urban canyon, which is represented 
by the comparison between dense blocks of structures and the variation in dimensions 
of streets and land open spaces. Furthermore, as population grows the use of land, 
transportation as well as the use of domestic or industrial machineries increase, causing 
the raise of pollutants’ concentration in local atmosphere, wasting huge amounts of 
heat. Santamouris et al. (2001) states that “heat island in the city of Athens, Greece, 
doubles the cooling load of buildings and almost triples their peak electricity demand, 
while decreasing the Coefficient of Performance (COP), of mechanical cooling systems 
up to 25%” [69]. So, a crucial aftereffect that remains is the increasing of energy de-
mand for cooling during summer months and the electricity needed. The produced peak 
demand exacerbates to an insufficient air comfort condition for occupants and their 
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health. The mortality rate has increased in many countries including France, Russia and 
Netherlands, where extreme heat waves observed in 2003 and 2010 [37]. It is estimated 
that this percentage will be increased radically up to 48% by 2100, while the scenario 
forecasts an increase of GHGs emissions of 74% and, at the same time, there will be 
mitigation strategies applied in almost all countries [38]. Over the last decades, the 
demonstration of various projects, efforts and incentives, based on each country’s par-
ticularities, have led to plan-approaching in order to combat climate change in city lev-
el, by minimize GHGs emissions by 2020 in 1990s levels [8,9]. 
1.2 Climate Sustainability 
Climate change process, is mainly related to greenhouse effect, as described before, and 
CO2 emissions is the largest contributing gas, caused in precipitation patterns and in the 
rising global average temperature. According to UNFCCC (2011), since 1800 concen-
tration levels of CO2 have been increased by 30% [3]. There is an urgent need for every 
region worldwide to tackle with effects that have been revealed and all potential impacts 
in natural environment and humanity. 
1.2.1 Mitigation and adaptation 
As climate corruption grows rapidly, it is of high significance for all regions to 
make extensive adaptation efforts, so as to adjust “in ecological, social, or economic 
systems in response to actual or expected climatic stimuli and their effects or impacts” 
[3]. The greater, faster and consistent the action is taken, the more efficient, ambitious 
and sustainable/resilient would be for the entire nation community system and environ-
ment. According to UNFCCC and the Paris Agreement, all countries-Parties agreed that 
successful application of adaptation mechanism consists of 4 main components; as-
sessment of impacts vulnerability and risks, adaptation plan, implementation of adapta-
tion measures, monitoring-evaluation of adaptation process [3]. 
At the same time, through the comprehensive analysis of all data, policymakers and 
governments have set common targets to mitigate climate change effects, to combat the 
increasing levels of produced CO2 emissions in the atmosphere and to decline the pro-
duced speed rate of the average potential concentration in global level [10,11]. The ap-
plied techniques comprise either the enforcement of the capacity of all existing natural 
sinks, by restocking forests, which absorb GHGs emissions, or the minimization of hu-
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man activities, such as chemical industry. Mitigation techniques can be divided into two 
main types; the energy conservation method that refers to efforts made in order to min-
imize energy consumption by non-ecofriendly materials and services and energy effi-
ciency method, which is defined as the second type of mitigation strategies. The main 
goal is the minimization of potential energy required for products and services, while 
humans play significant role by the comprehensive experience of future climate im-
pacts. The main concept of mitigation of climate change is maintained by the develop-
ment and the application of low-carbon energy, or cleaner, technologies in all applicable 
major sectors of human activity, such as renewable energy production [17]. 
Reviva (2010) states that “Quantifying the effectiveness of mitigation schemes is 
relatively straightforward…for a public good” [18]. Policymakers agreed in Conven-
tions that it constitutes an urgent need to stabilize concentrations levels of GHGs emis-
sions, in such ways that the natural ecosystem could be able to adapt naturally most of 
consequences of global warming. Many studies conclude that CO2 levels will remain 
constant as human emissions produced will decrease by 80% [22]. Therefore, the in-
crease of global temperature will be kept below 2oC, while, in developed countries, 
emissions produced by industry and transportation will be declined up to 2030 [23]. The 
main core of reducing GHGs emissions is based on green technologies and low-carbon 
power sources, which refer to many sectors of human activity, while many scientists 
deliberate the introduction of alternative or renewable energy sources (biomass, wind 
solar geothermal ocean power etc.). According to Morita (2001), lifestyle and human 
behaviorism conclude in a high potential contribution in mitigation processes [6]. Car-
bon footprint of many big cities, especially in developed countries, could be formed in 
strong environmental manner, supported by economic, social and technological tools 
promoting mitigation and adaptation of climate change.  
The National Academy of Science (NAS), the Intergovernmental Panel of Climate 
Change (IPCC), the United Nations Office for Disaster Risk Reduction (UNISDR) and 
plenty of scientists conclude that adaptation policies constitute a crucial need, while 
mitigation practices define an urgent global need for humanity and the ecosystem. By 
successful implementation of mitigation and adaptation techniques, developing coun-
tries would be enhance living standards in all aspects of life, such as health, education 
technology and infrastructure. 
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1.2.2 Urban green infrastructure 
Global modern urban environment faces several impacts caused by human activity, 
while UHI effect is considered a hazardous risk for every city. Green infrastructure (GI) 
or blue-green infrastructure, is defined as a solution network for all climate consequenc-
es by building with nature, in comparison with the “gray” urban environment and exist-
ing building stock [39]. The concept of GI is “protecting and enhancing nature and natu-
ral processes […] are consciously integrated into spatial planning and territorial devel-
opment”, considering as a low-carbon system [82]. Via natural process GI provides po-
tential environmental, economic and social benefits and contains, as main strategy for 
climate change, adaptation and mitigation.  
The adaptation of nature into man-made environment targets mainly to comfort the 
conditions of occupants so that to be healthier. It is considered as a framework related to 
stormwater management, the reduction of local heat stress and the improvement of air 
and soil quality, the embracing of local biodiversity, provide better moderation of mate-
rials and foods and help the energy production. GI can enhance design of urban plan-
ning in terms of aesthetics and in various disciplines related to land use. Eco-friendly 
materials used and vegetation work as air purification, capture more pollutants of GHGs 
emissions. 
The United States Environmental Protection Agency (EPA) published policies in-
cluding control of any type of vegetation through filtration and infiltration practices. 
“By 2020, ecosystems and their services are maintained and enhanced by establishing 
green infrastructure and restoring at least 15% of degraded ecosystems” [83].  
A high-performing GI can create stabilization between built and natural environ-
ment by promoting ecological efficiency through 4 main pillars established by interna-
tional institutions for climate change. The first GI system is related to the implementa-
tion of urban forestry. Small or medium-sized forests or vegetation areas turned into ur-
ban open spaces, can considerably improve aesthetic values, enhance the decrease of 
local air temperature and humidity levels by the evaporation process, thus, as a crucial 
mitigation factor for UHI effect, conduce positively to public health. Secondly, the im-
plementation of artificial wetlands or constructed wetlands (CW) can contribute to in-
dustrial wastewater or stormwater stored in constructed lakes embracing bio-infiltration 
process. CW works as replicas of natural aquatic sources into urban environment, im-
proving micro-climate conditions, flora and fauna. Low Impact Development (LID) 
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techniques are used in urban context as replica of natural processes related to infiltration 
and evapotranspiration, so as to manage stormwater runoff and restore water cycle in 
nature. Permeable pavements, soil amendments materials and bio-retention techniques 
are some examples of various applied LID techniques.  
The most noteworthy GI technique, though, is concerned to be Green or vegetated roof 
and green walls. The combination of vegetation and cool materials like soil, implement-
ed on top-up surfaces of buildings in city centers, provide significant environmental, 
social and economic benefits into local communities, contributing to mitigation of UHI 
effect [34]. The surrounding ambient temperature can be remained cooler by 28-33oC, 
in comparison with traditional materials, while the purification of the air into urban 
canopy keeps temperature levels in low basis, contributing considerably into human’s 
wellbeing. The importance of green roofs into cities will be described in more detailed 
and comprehensive way in following chapters. 
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2 Green roof system 
2.1 Main features 
Green roofs are considered to be one of the most fundamental strategy of green infra-
structure. But what exactly is deemed as green roof? A green roof is defined as a roof 
on top of every kind of building, horizontal or tilt, which is partially or fully covered by 
vegetation, creating a replica of natural part of land.  
This type of structure appeared in ancient times when roofs were formed as caves or 
were sod roofs. Green roofs are used either in dwellings, creating shelters or in agricul-
ture. It was considered as a good insulation mean, especially in Northern areas. The 
most famous historical example is the Hanging Gardens of Babylon, in about 500BC. 
Sod roofs, presented as the progenitor of modern green roof, were also found in North-
ern Scandinavian areas, since 18th century, in farm houses, in which occupants cultivat-
ed many types of vegetation. The modern green roof was initially developed in Germa-
ny, in early 1960s, and then many parts of the world started to implement and moderate 
it depending on local climate conditions. Nowadays, modern green roof is more effi-
cient, has practical use and can be beneficial in various aspects. In USA, Canada and 
Japan green roofs are not as popular as in Europe. Many countries like Switzerland, 
Norway, Austria, UK and Greece have developed many different popular technologies 
of green roof, applied in every scale, which are forced by local regulations. The inten-
sive exhortation and continuous motivation for the application of green roofs in city’s 
structures, can stimulus scientists, experts, companies, market and government’s mech-
anisms for future development of various green roof technologies, applied in any type 
of urban surface. According to Blank et al. (2013) it is revealed that, until now, in USA 
contributed publications consist of about the 34%, while in Europe by 33% and Asia by 
20%, giving the observation of potential significant development in the field of green 
roof systems [46]. 
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2.1.1 Typologies 
 Green roof technology includes several components; vegetation, substrate, filter 
fabric, drainage material, root barrier and insulation. All these components are charac-
terized by the engineering of green roof system. Each component can be differentiated 
by applied surface and country, while it depends on local climatic conditions. Green 
roofs can be classified into 3 main types; intensive, semi-intensive and extensive, de-
pending generally on the depth of the planting medium. Intensive green roof system is 
defined by the thick substrate layer (20-200cm) and can support a large variety of plants 
(390-730kg/m2), thus it is quite heavy and can be applied in structures with specific stat-
ical criteria. According to Vijayaraghavan’s (2016) study, this type needs high initial 
and maintenance cost due to the application of fertilizing, irrigation, weeding and water-
ing. It can be defined as park-like, while the access should be easy and can support any 
kind of flora [51]. On the contrary, extensive green roof type has thin soil layer of less 
than 15cm and so it can support specific kind of small plants, bushes, moss, succulents 
and grass (50-120kg/m2), depending on climatic conditions [45]. It needs low capital 
and a once-yearly maintenance, such as weeding and some growing fertilizer. The 
weight of the system, per square meter, is considerably lower than intensive system and 
human access is usually only for maintenance, thus almost any kind of structure can ac-
commodate this type without some additional statical support. Semi-intensive green 
roof system is special characterized by the proper moderation of the substrate layer. 
This type can contend grass, bushes and mainly small herbaceous plants, while the 
maintenance is frequently and the initial cost is quite high due to specific structural 
limitations. Traditional gardens on top of buildings are usually constructed by the inten-
sive system due to the need of planting trees. But, the most popular kind of green roof 
remains the extensive system which can be defined as self-sustaining and can be ac-
commodated in various structural types in every country. 
2.1.2 Components 
Every green roof type is a product of modern engineering, which is designed ac-
cording to specific standards, depending application location, providing environmental 
efficiency. Hence, all contributing materials-components have crucially been studied 
and developed with the passing of the last few years. As described above, extensive 
type of green roof is considered to be the most famous and most frequently used among 
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other types. Figure 2.1 depicts all layers frequently used in extensive green roof system, 
according to majority of research. 
 
Figure 2.1: Layers of an extensive green roof system [83] 
 
Vegetation layer is the upper first layer used in every green roof system, where 
plants grow and occur to the air and runoff quality and the thermal performance of all 
system. The health of plants is a crucial factor for the performance and life-span of the 
entire system, considering that green roof is not a benign environment for every grow-
ing medium [47]. The soil depth is extremely shallow compared to natural growing en-
vironment. Through water, plants need to take advantage of minimum nutrients accu-
mulating in soil layer, so as to avoid the growth of weeds and the eutrophication events. 
Roots have to be soft and with minimum length, so as to prevent potential damages in 
sublayers. The conservation by expertise or by occupants, depending on the area and the 
purpose of implementation, has to be as less as possible, so that the cost to be mini-
mized, although, it is extremely tough to specify the vegetation kind that can be com-
plete all these criteria. Various studies identify that some succulent species can be relia-
ble in many areas globally, applied in extensive type of green roofs, mostly in drought 
Mediterranean climates. A popular example is the Sedum plant or the Stachys byzantine 
species. Their photosynthetic metabolism helps them grow for up to 4 months without 
be irrigated, reducing the evaporation cycle during day by storing CO2. 
The growth substrate is responsible for success and healthy growth of vegetation. 
Many experts contend that mixing low cost and light weighted components as alterna-
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tives, such as green waste, could proliferate the rate of performance of properties [52]. 
Vijayaraghavan (2014) states that a prepared mix of “30% perlite, 20% vermiculite, 
20% crushed brick, 10% sand and 20% coco-peat” can create an ideal substrate mixture 
for almost every green roof system [50]. Many companies globally have developed 
commercial substrate mixtures, collecting local materials, so as to support local grown 
properties and local climate conditions. This practice might face some noticeable risks, 
associated with poor air and water deduction, fast growth of weeds and diminution of 
proper nutrients. Accordingly, weight of substrate is crucial for the entire application of 
green roof system, especially in buildings and areas that are limited by regulations or by 
statical properties. Consequently, extensive green roof type is frequently used in every 
region, whence substrate layer is as less thick and less heavy as possible, remaining the 
efficiency ratio in high levels. 
Filter layer is used in order to block roots or mixture particles passing in drainage 
layer. It is defined as a geotextile fabric that is high pliable and durable, so as to support 
heavy substrate load. Filter layer is a perforated membrane which allows water particles 
entering and flow as the designed tilt. Researchers, like Wong and Jim (2014) claim that 
a commercial frequent used filter layer can be penetrated by 1.5L of aquatic particles 
per sq. m. [53]. 
The drainage layer secures a favorable air and water levels balance into the sub-
strate layer, enriching thermal properties. There are 2 most frequently types of drainage 
layers used; modular panels, constructed by polyethylene or polystyrene, and granular 
materials, produced by natural mining materials and the implemented option, which cor-
relates by the type of roof/structure, the inclination, the vegetation species and the total 
covered area [51].  
Root barrier component avert vegetation’s roots to pierce into layers below. On 
market, there are various materials used, but the most famous remains to be using sheets 
either from hard plastic or from metal and copper [54,57]. 
Waterproofing layer is implemented in any type of living roof, in order to keep them 
from occurring water leakages and to precede any failure in the applied system, avoid-
ing any potential replacement. There are various options, depending on the system; 
thermoplastic or liquid-applied membranes, bitumen sheets and single-ply sheet mem-
branes [45]. 
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2.2 Environmental Benefits 
 Green roof system is used in urban and suburban structures, in various types of 
buildings, while it is defined as a strong mitigation and adaptation practice to combat 
Urban Heat Island effect and climate change impacts. The implementation of all types 
either of green roofs or green gardens on top of buildings, provide plenty of direct and 
secondary benefits, characterized as environmental (or ecological), social and financial. 
2.2.1 Urban water management 
 A living roof is characterized as a considerable mean of rainwater management, es-
pecially in areas with high altitude or even in extreme climatic events with flash precipi-
tation, thunderstorm, hurricanes and melt-water by snow. All components commit to 
restrain runoff water, minimizing potential flooding effects. Gascon (2017) states that 
according to simulation process as the water capacity of mixture increases, the runoff 
attenuation is higher [41]. The type of the growing species contributes to the rate of wa-
ter absorption and thus to the water cycle via natural process. Additionally, the technol-
ogy and the successful implementation of the drainage layer, the tilt of the roof and, of 
course, the time and the volume of rain water are significant factors, which manage and 
attenuate storm water [51]. According to studies of Villarreal and Bengtsson (2004), it 
is indicated that “for a rainfall with an intensity of 0.4mm/min, 62%, 43% and 39% of 
the total precipitation were retained in the green-roof having slopes of 2o, 8o and 14o, re-
spectively.” [78]. Simulation studies of Carter and Rasmussen (2006) conclude that as 
rainfall increases, water retainment decrease; rainfall of less than 24.5mm there is up to 
88% water retain, from 25.4 until 76.2mm more than 54% water retain exists and for 
storms with high higher than 76.2mm, the ratio is only 48% [59]. According to Sim-
mons et al. (2008), 100% of water retains for small precipitation (<10mm), depending 
on the type of substrate layer and vegetation species [60]. Furthermore, water manage-
ment of green roof is correlated with duration of rainfall and the runoff peaks. In com-
parison to compatible roof, it is observed by various studies, that peak runoff is delayed 
up to 10 minutes for more than 57% of samples. In the following figure 2.2 an example 
is presented comparing a green roof sample with a conventional one. 
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Figure 2.2: Study of a conventional and a green roof in a rainfall scale [78]  
 
In general, studies that compare green roof and paved roof, tilt is a major issue for 
urban buildings, reveal that runoff can be mitigated by 65.7% in case of living roof and 
by 33.6% in conventional roof tops. 
2.2.2 Air and water purification mean 
Green roof system is considered to be a purification mean, while substrate and vegeta-
tion layer can retain airborne pollutants and dust, which are included in urban ambient 
air especially in metropolitan cities. 
In many structures, rain water can be stored and be used for other domestic purposes 
and various activities. The acid rain, as it is a phenomenon that occurs in big cities due 
to UHI effect, can be cleaned and contaminated in significant level, depending on the 
vegetation and mixture type. It considered to be an exchanger medium, while it provides 
nutrients, valuable metals and ion, which affect positively the health of growing medi-
ums and the quality of final water contamination. Simulation studies on samples of in-
stalled green roof, present that levels of phosphorus (P) is considerably high caused by 
acid rain, affecting ph levels of soil. The comparison study of Augustenborg (2010), 
having a sample of 1m2, evidences that the pollution rate is declined in runoff, through 
green roof system compared to conventional roof [79] and it is presented in the table 2.1 
below: 
Table 2.1: Rainfall pollutant factors in samples of conventional and green roofs [79] 
		 Cd	 Cu	 K	 Ni	 Pb	 Zn	 TOT-P	
PO4-
P	 TN	
NO3-
N	 DOC	
Load	in	rain-
water	(mg/m2)	 0.005	 0.41	 11	 0.08	 0.10	 2.2	 1	 0	 285	 120	 137	
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Load	in	runoff	
system	
(mg/m2)	
0.001	 1.65	 125	 0.11	 0.09	 1.9	 14	 5	 171	 3	 1949	
 
Every green roof system is thought to be a major mean for combating the air pollu-
tion, produced mainly by infrastructure and human activity. The natural process of 
plants, for air purification, is prominent. The indirect process deals with the adaptation 
of vegetation species into different microclimates. In various samples is depicted that air 
pollutants can be removed by vegetation system, up to 52% respectively, in yearly field 
calculations of installed green roof [81]. According to Hong et al (2012), an area of 
2000m2 of uncut grass might dislodge up to 4000kg of polluted particles, over a year-
period [67]. An experiment occurred in Toronto in Canada, using UFORE-D method, 
concerns 1215.4ha urban surface of which only the 9% was covered by green roof [67]. 
Results conclude to significant reduction of air pollutants, as presented to the table 2.2 
below: 
Table 2.2: Polluted particles in case-study green roof systems [67] 
		 CO	 NO2	 O3	 PM10	 SO2	 		
mg	per	109.386ha	
green	roof	per	year	 0.35	 1.6	 3.14	 2.17	 0.61	
TORONTO	CANA-
DA	
%	per	109.386ha	
green	roof	per	year	 13	 13	 35	 34	 5	
WASHINGTON	
USA	
 
Rowe (2011) supports that only 1 sq. m. of green roof is sufficient to counteract one 
car’s exhausted fumes in a year basis [81]. Minke (1982) study 2 roads in Germany so 
as to compare air pollution levels; in the first road, which had no implemented trees, 10-
20.000 was the pollution per litre of air, while in the second road with row of trees, pol-
lution was decreased by two-third of the first calculation [61].  
  Hence, in dense urban canopy, green roof can extensively contribute to the reduc-
tion of CO2 emissions. Major factors, such as installed position, ambient air flow, air 
temperature and types of neighbor buildings, designate concentration levels of carbon 
dioxide, portraying environmental benefits of urban mitigation practices. 
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2.2.3  Noise reduction 
Various studies, conducted in installed green roofs, provide evidence that systems can 
reduce urban noise produced by air or land human activity. Depending on the typology 
of green roof, the installed position and the water content percentage, sound might be 
minimized by up to 10 and 20 dB in low and mid frequency rates [68]. Water and mois-
ture is considered to be a soundproof insulation factor, providing in entire system struc-
ture a buffer zone, which is located in substrate layer and in vegetation tissue. Only 
vegetation can absorb 2-3dB. Studies evidence that when substrate layer has dense of 
about 12cm, sound can be reduced by 40dB, while when soil has dense of more than 
20cm, sound can be eliminated more than 46dB [61]. 
 
Figure 2.3: Noise pollution levels in green and conventional roof system [61] 
2.2.4 Biodiversity and agriculture 
The implementation of green roof, in every scale, can create a natural environment into 
the artificial one. Various species of insects, endemic birds, butterflies, bees, small 
ground-nesting kinds and microorganisms can be attracted and accommodated in living 
roof, contributing to the local biodiversity map. Kohler et al. (2003) analyze potential 
embracement of agriculture biodiversity into extensive green roof system, concluding 
that it is extremely possible even if there is no water supply and maintenance [82]. All 
biodiversity species, as well as extinction types, can be sustained and enhance vegeta-
tion’s and microclimate’ health conditions, contributing positively in public health. 
Also, green roof areas can easily sustain herbs, wheat, corn and various plants that 
can be cultivated by buildings’ occupants for eating or health-care purposes. This agri-
cultural approach is coming from ancient times, where dwells were covered by sod 
roofs. Applied engineering of green roof system and the substrate layer consist domi-
nant factors for agriculture purposes. 
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2.2.5 Energy related benefits 
Green roof is considered to be, since old times, a great thermal insulator. The substrate 
layer with water contamination and mixture of organic and other inorganic materials, 
reveal to have low thermal transmittance (U-value). Consequently, living roof can re-
duce heat losses and energy consumption especially in attached indoor areas. Heating 
and cooling needs can be minimized, enhancing the energy conservation. According to 
Braiker (2004), cooling needs of an apartment in metropolitan areas, can be reduced by 
10% [82]. According to Aravantinos et al. (1999), thermal capacity of attached interior 
space with green roof can be moderated between 2-8% in contrast to a conventional 
roof [84].  
What is more, the surface temperature of building roof can be reduced by 70 to 
25oC in comparison to conventional roof top [60]. The green roof package operates as a 
block that prevents UV light to be absorbed, therefore temperatures fluctuations, ex-
treme heat and wind flashes remain in a more constant level. In city’s level, according 
to several experiments, the implementation of green roof is evaluated to be able to min-
imize average ambient air temperature in hot areas during summer periods. The applied 
experiment in a region of Chicago city, forecasts that air temperature could be reduced 
by almost 7oC [82]. Wong et al. (2003) studied 4 samples of green roof systems in 
comparison to conventional roof and came up with evidence that temperature difference 
reached about 18% [62]. An experiment, conducted in Greece by Niachou et al. (2001), 
concluded that temperature difference, between simple and green roof could be at 2oC, 
as average annual value [63]. 
 
 
Figure 2.4: Fluctuation on temperature levels in sample roof systems [63] 
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2.2.6 Economic aspects 
 Vegetated roof reveals considerable cost benefits, in every aspect. The initial cost 
may vary in region applied and depend on different used technologies and materials. In 
Greece, according to different companies, merchandisers of the environmental market, 
the average initial cost for installed extensive-type green roof starts from 40-60 €/m2, 
depending on structural factors, type of building and material used. However, it is esti-
mated that green roof can expand life-time of building structure by 200%, due to the 
fact that the system boosts the insulation factor, either for water, or for air and UV-
radiation, decreasing any potential physical corruption of the entire structure [70]. 
The installed building, concerning either residential type or commercial, is upgraded 
aesthetically, thus the property value increases significantly. According to the Bianchini 
(2012) study, the real estate value can be boosted, as average mean, by 7%, depending 
on the type of structure and the geographical area [57]. 
2.2.7 Social aspects 
Roof tops covered with vegetation into dense urban environment, can moderate a differ-
ent lifestyle for population. Green roofs form a park-like area in which occupants have 
the opportunity to relax, to socialize and to participate in various activities.  
 According to Cackowski et al. (2003), human behaviour can be moderated positive-
ly and modern-life’s stress can significantly be reduced [64]. Various studies reveal that 
when people with special needs, such as children with Attention Deficit Hyperactivity 
Disorder (ADHD), interact with urban nature, they might be happier and feel more calm 
and safe, compared to living in a concrete environment. 
 By the implementation of green roof into urban artificial environment, at any de-
gree, the aesthetic part is enhanced tremendously. Roof tops are not the last part of a 
building, constructed by opaque black-materials, but on the contrary, green roofs can 
create an aerial network of natural land into big cities. Every occupant can be benefitted 
by natural potentials creating a healthier and more aesthetical way of life.  
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3 Research framework 
3.1 The city of Thessaloniki 
The country of Greece is located in South-east Europe region and is the southern end of 
Balkan peninsular jutting out into sea, Aegean and Ionian Sea. Thessaloniki is the se-
cond-largest metropolitan city referring as co-capital of Greece. It is located in the 
Northern continental part and it lies on the northern fringe of the Thermaic Gulf. On its 
southeast part, Mount Chortiatis bounds the city and its suburbs and is surrounded by 
mountain ranges and hills. The population of the metropolitan area is calculated of 
about 1 million, of which only 325.182 residents live in the Municipality of Thessaloni-
ki [86] 
3.1.1 Climate conditions 
The climate of Greece is Mediterranean, as it is part of countries that are surrounded by 
the Mediterranean Sea. In accordance with Greek national standards Thessaloniki’s cli-
mate zone is characterized as C. The latitude is 40.74o, the longitude is 22.92o and the 
altitude of the city center is about 314m over the sea. According to Köppen-Geiger’s 
climate classification, Thessaloniki’s climate pattern presents features of humid sub-
tropical climate (Cfa) and semi-arid climate (BSk). The annual precipitation mean is 
about 440mm or 38mm per month, due to its geomorphology and Mount Pindus as wid-
er border. The driest month is August with an average rainfall of 20mm and the wettest 
one is December with average rainfall of 52mm.  Thunderstorms occur in seldom basis 
during summer. Winters are occasionally dry, while fog presents commonly (mean of 
193 days/years). Snowfalls present sporadically in some subareas and the snow remains 
for a few days. Thessaloniki’s average relative humidity is about 67% annually. The 
monthly average humidity ratio in December is about 78% and considers to be a peak 
point and the lowest one is recorded on July with 53.2% [87]. 
During winter months, the average recorded temperature is 16,1oC, while the coldest 
month is January (5,8 oC as a daily mean) and the hottest one is July (26.8 oC as a daily 
mean). According to climate forecasting database, sub-zero temperatures have recorded 
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to occur for about 32 days per year. In summer, the average maximum recorded temper-
ature is about 30 oC in July and the average daily temperature is 26 oC. Thessaloniki has 
not suffered from extended heat-waves during the last decade. Thessaloniki is defined 
as partly cloudy having 2,425.8 sunshine hours annually on average, while summer 
months have about 20 sunny days on average and in winter 8.5 [88]. 
The average annual wind speed, recorded from 1998 until 2017, is about 20km/h. In 
July, wind ratio is about 5-12km/h for over 10days, while in April is recorded about 12-
19km/h for over 14 days [88]. 
3.1.2 Environmental problems 
Thessaloniki city is considered for centuries an important link among Balkans, in a 
commercial, administrative, military and transportation way. The city’s layout is con-
structed in such a way to serve the needs of many commercial and public edifices 
around the city center. Since 1890, after the demolition of byzantine walls, the city cen-
ter’s layout is formed as every modern’s Greek city, expanding to the east and west 
coastal line. 
The way that modern city is constructed, the Greek apartment-buildings, named 
polykatoikia and the urban tissue, contribute to extensive environmental problems. The 
urban infrastructure and UHI effect, caused by human urban activities have environ-
mental impacts which affect public health. 
All problems can be summarized and be presented into 3 main categories, in which 
green roof can contribute significantly as mitigation method. 
• Open green spaces inadequacy 
• Air pollution 
• Flood risks 
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Open green spaces inadequacy 
Thessaloniki’s urban layout consists of building blocks which have formed by 
boulevards and narrow roads that cross the whole city. Apartment-buildings or public 
edifices are designed as attached system, as rows in parallel to roads, creating narrow 
canopies. Buildings’ facades are elevated from 4 to 7 stories and almost every building 
has the same typology which is related with a specific construction period. The building 
stock is aged without being retrofit. Especially in the city center, all building blocks are 
densely constructed, creating small empty spaces into each block, preventing the pas-
sage of ambient air accumulating air pollutants. There is deficiency of open spaces that 
address to occupants, either between every building unit or in pavements and roads. 
Figure 3.1 depicts an example of building layout from a part of Thessaloniki. Addition-
ally, every building block is constructed by concrete, asphalt and black materials and 
there is lack of green vegetated spaces.  
 
Figure 3.1: The urban layout of a district close to city-centre of Thessaloniki [98] 
 
In global level, according to various studies, the indicator presenting urban green 
spaces per resident approaches 8-10m2. In Europe, the following figure 3.2 depicts the 
same indicator; for example, in Berlin indicator equals to 3.79m2/resident, while in cen-
tral London is 8.9m2/resident [65,93]. 
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Figure 3.2: The ratio of green spaces within cities in Europe [93] 
 
Thessaloniki’s center presents only 2.15m2/resident, which arise by some public 
small parks between roads, covered by some small vegetation [65]. In the figure 3.3 be-
low, all green public spaces are depicted, based on a study of Greek Green Fund, ex-
plaining the indicator and the dense urban layout.  
 
Figure 3.3: Green open spaces into Thessaloniki’s layout [109] 
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Air quality 
Air pollution is a key factor for life across every region and every city. In Europe, over 
70% of the population lives in urban environment, where over 1/3 of residents may be 
exposed to unacceptable pollution levels, mostly city-generated air pollutants. Accord-
ing to EEA (2017a), air pollutants that are responsible for public health are sulphur di-
oxide (SO2), nitrogen oxides (NOx), carbon monoxide (CO), lead (Pb), particulate mat-
ter (PM), ozone (O3) and volatile organic compounds (VOCs) [92]. City-generated 
emission derived from stationery sources, like domestic dwellings, industry, power gen-
eration and transportation.  
 According to EEA (2012), main urban air pollutants, in European region and in var-
ious metropolitan cities [92], can be presented as average means in the following table. 
Table 3.1: Pollution concentration in metropolitan cities of Europe [92] 
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In Greece, ozone pollutant, to which occupants are exposed to, is above reference 
levels. Generally, some countries, especially in South part of region, present high con-
centration levels, which is a crucial issue for public health. All other indicators may be 
defined as sufficient. 
 In the city of Thessaloniki, indicators appear to be in lower levels than the capital of 
Greece Athens, but compared to European metropolitan cities, urban population faces 
constantly concentration of air pollutants. In accordance with open-data platform of the 
municipality of Thessaloniki, the table 3.2 above presents accumulative annual average 
means, as well as in chart 3.1 depicts seasonal or monthly average values of main air 
pollutants for year 2011 are depicted [94].  
 
Table 3.2: Annual air-pollutants of Thessaloniki’s city centre [94] 
  
Air-pollutant type 
SO2 
µg/m3 
PM10 
µg/m3 
CO 
mg/m3 
NO2 
µg/m3 
O3 
µg/m3 
C
al
cu
la
tio
ns
’ y
ea
r 
 
2010 7 46 2 94 26 
2011 14 54 2 90 33 
2012 
 
46 1 
 
41 
2013 4 48 1 73 34 
2014 5 45 1 63 25 
2015 6 49 1 82 30 
2016 6 46 1 81 31 
maximum value >125 µg/m3 >50 µg/m3 >10 mg/m3 >400 µg/m3 >180 µg/m3 
 
 
In 2011, the main air pollutants have been defined as daily peak values caused main-
ly by domestic heating materials and improvised heating systems during winter months.  
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Chart 3.1: Annual air-pollutants of Thessaloniki’s city centre of the year 2011 
  
As described in previous chapter, green roof systems can crucially contribute, 
through natural process, to qualification of urban ambient air, in case of application in 
most densely and problematic parts of Thessaloniki’s center. 
 
Flood risks 
Urbanization, dense modern building urban environment and the inadequacy of green 
areas has had a particularly negative impact on flood sizes. In parallel, climate change 
and seasonal alteration in precipitation effects, have triggered flash flooding, affecting 
local communities, properties, as well as human life, being characterized as hazard. In 
modern cities flood effects can be intensified by black-material used in public areas, 
like paved streets and asphalt roads, which increase the speed of flowing water. Accord-
ing to various studies, key factors that contribute crucially to flood events, for almost 
every urban environment, are climate conditions, the geomorphology types, vegetation 
reserve and geological conditions. 
In the city of Thessaloniki, the physical hydrographic network is formed from 
mountain and hills peripheral to the city center and leach into Thermaic Gulf (figure 
3.4). In the last decades, due to intense building construction activity, almost every nat-
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ural stream layout has been moderated and eliminated, replaced with roads or with edi-
fices. The storm drain layout of the entire city has been designed without forecasting 
potential flash floods events of large size (figure 3.5). 
 
Figure 3.4: Natural hydrographic network of Thessaloniki territory [86] 
 
 
Figure 3.5: Storm drain layout of Thessaloniki city [86] 
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Also, growing residential needs and change in land use create needs for continuous 
modernization and for extensive maintenance. Capacity and malfunction of drain sewers 
across local roads cannot afford flash flood events neither continuous winter rainfall. 
The following chart 3.2 shows the annual average rainfall ratio in the city center, ac-
cording to calculations of World Meteorological Organization and the study of Ana-
tolaki et al. (2009) from 2002 to 2004 [58].  
 
 
Chart 3.2: The annual average rainfall ratio of Thessaloniki [58] 
 
Anatolaki et al. (2009) states that 1st period (2002-2003) was defined with much 
higher rainfall amount related to 57 rain events. December and January were months 
with high precipitation amounts, which affect significantly public and private infrastruc-
ture in many neighborhoods of Thessaloniki’s city center [58].  
The application of green roofs in any types of building in sites of Thessaloniki, 
which are related with intense flood hazard, may embrace and protect potential local 
flood risks, through vegetation, especially during winter periods. 
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3.2 Case study 
According to various studies analyzed in previous chapters, green roof is presented to 
be a crucial mean of counterbalancing climate change phenomenon, and an important 
mitigation method related with urban heat island effect of metropolitan cities.  
3.2.1 Goal and Scope 
This particular case study aims to comprehensively examine, evaluate and discuss some 
of the environmental and cost benefits concerning the hypothetical implementation of a 
specific green roof system into a unique part of the city of Thessaloniki.  
 This case-study is based on the compilation of various scientific papers, articles and 
documents, published up to the year of 2018. The majority of them refers to scientific 
journals, mostly in English and in Greek language. Many studies conclude in different 
aspects of environmental benefits, after the implementation of various green roof sys-
tems, depending on geographical area, green engineering and types of applied structure.  
For the area of the city of Thessaloniki, as described above, many data reveal at-
mospheric conditions, air pollution and occupants’ comfort levels, trucked in recent 
years. For this study, the main goal is the comparison of air pollutant levels created by 
all material used in a typical roof system, thus the comparison level of deferent impact 
categories that are related to. Compiling all mentioned data and through case-study sim-
ulation process, this study focusses on Life Cycle Environmental Assessment (LCA) 
and on cost analysis of potential green roofs in comparison to existing conventional roof 
tops. The methodology and results of LCA and of LC Cost assessment will be described 
in detail in the following chapter. 
Through the described urban layout of the city center, the case study area concerns a 
particular single avenue, on Agiou Dimitriou Street, that crosses among the entire city 
center (figure 3.6). The building of references, roof tops of which green roof will be 
covered, are formed in two rows in parallel and upfront of this avenue. Furthermore, 
there are many characteristics and key factors of this specific part that contribute signif-
icantly in the proper selection, as well as proper typology and availability of green roof 
potentials; all these elements will be described below. 
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3.2.2 Selection Criteria 
The case-study simulation process of implemented green roof concerns a large street, 
avenue, which crosses in parallel the entire city center of Thessaloniki and all blocks are 
following this street. The location of this avenue can be depicted in figure 3.6. The ave-
nue has a length of about 3km starting from the upper North-West edge of the center 
until the upper South-West borders. 
The district that follows Agiou Dimitriou Avenue is mainly selected based on the 
following 3 key factors: 
• Narrow canopy and densely constructed area into urban tissue 
• Smooth geomorphology 
• Potential creation of a buffer zone 
 
This avenue can be defined as the 3rd main street axis in the city center, where the 
surrounding area is extremely dense, constructed by building blocks. At the two ends of 
this avenue, small parks are located surrounded by buildings, while in the middle of its 
Figure 3.6: The district of Thessaloniki city-centre and the case-study area 
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length there are two landmarks, the church of Saint Demetrius and the Ministry of Mac-
edonia and Thrace. Each landmark accommodates an entire block into the urban layout 
having some green spots. The height of every building is ranged between 5 and 7 roofs. 
Each building is constructed in an attached system, encircling each block and creating 
small open spaces into the center of the block, so that every apartment-building face in-
to surrounding roads. Every block has 13 building, as an average value of case study 
area (Appendix A.1). The land use of this area is defined mainly as residential, while in 
ground level there are stores and various types of offices run on the first floor of some 
buildings. Along the side of the street, into narrow pavements, there are some trees of 
about 7m height in average, which offer their shadow on pedestrians (Appendix A.2). 
The traffic ratio, in comparison to other main avenues of the city, is characterized as 
high especially in working peak hours. Hence, traffic and building-generated air pollu-
tants accumulated into canopy creating inconvenient air comfort conditions for the ten-
ants, deemed as the most suffocating avenue (figure 3.7). 
Geomorphology features of the whole avenue are considered to be horizontal with-
out any noticeable variations on ground level. Along the side of this avenue, there are 
some narrow streets crossing vertical and few main and wider streets that cross diago-
nally the case-study territory. The proportion between streets’ width and the average 
height of building’s facades, in conjunction with the smooth almost horizontal ground 
level, enhance the UHI effect especially during summer period. 
The implementation of the green roofs into each building unit in all case-study 
blocks might create a buffer zone in city level. More specifically, as described above, 
there are small parks, green open spaces, at the start and ending point (Appendix A.3 
and A.4). The surrounding area, which is located below the case-study field, can also be 
defined as densely constructed, with almost the same features, in contrariness to the area 
above, the old town, follows a more densely constructed system with narrow and almost 
labyrinthine canopies. Hence, the potential implementation of vegetated roofs can envi-
ronmentally improve the surrounding areas by mitigating air pollution and thermal com-
fort.  
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Figure 3.7: An example of the narrow building canopy of a part of Agiou Dimitriou avenue 
 
The goal of the case study focuses on the resolution or even the mitigation of envi-
ronmental problems of this area, taking under consideration firstly the proper selection 
of a suitable green roof typology and vegetation system that can be supported in reality 
into the existing building stock’s specificity. 
 
Building Stock 
Structural adequacy 
A crucial factor for the selection of the proper green roof typology is the static ability of 
each building. Greece is a country with high seismic activity, thus all buildings had to 
comply with the national antiseismic Design Codes. The first implemented code has 
been introduced in 1954 and has recasted in 1985 and in 2005. The year 1980 is defined 
as the construction age benchmark, supported on various national studies, when the na-
tional regulations responded to the new stricter criteria, such as the implementation of 
potential additional structures into existing. 
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According to Theodoridou (2011), the district of Thessaloniki center accumulates 
buildings constructed from 1919 until 2005 [66]. After the execution of author’s on-site 
study, the vast majority of buildings, especially in our case-study area, are aged between 
1960 and 1980. So, it is noticeable to note that according to national antiseismic regula-
tions, the appropriate green roof type concerns the extensive type. 
Flat or sloped roof 
Furthermore, the implementation of green roof has to be examined in cases where build-
ings’ roof top is horizontal or sloped, considering different urban environmental contri-
bution.  
 For the analysis of the type of each roof top within the case-study area, open-access 
maps and bird’s eye views can estimate the existing type. Thus, almost 90% of the ex-
isting roof tops are horizontal while the rest is occupied by tilt roofs, mainly as addi-
tional structures. This proportion is accounted for the specific building features applied 
in Greece in the widely known typology, named polykatikia. 
Space availability 
Last but not least, space availability for green roof implementation on each building is 
considered an important factor for the analysis of environmental benefits locally and in 
our case-study area. The exploitable rooftop space can be calculated by the subtraction 
of occupied surface by staircase landing (as can be presented as example in figure 3.7), 
by restricted areas related with national regulations and the rest areas of penthouse ter-
races that are presented almost in every building. 
According to Theodoridou et al. (2012) study, the mean percentage of available roof 
area for green roof installment is limited enough, especially in areas along the center 
district. The percentage is ranged between 36% and 56% [65]. Thus, the case-study area 
pertains to be mentioned as district and so it can be estimated that potential space for 
green roof utilization concludes to same range. Taking into consideration the distribu-
tion of existing green areas per inhabitant, as described before, there is a remarkable po-
tential for environmental alleviation after the hypothetical implementation of green roof 
system. 
 
By the explicit presentation of the existing building stock in the case-study area, the 
selected green roof typology, which will be simulated and examined, is the extensive. 
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Vegetation determination 
Implemented vegetation variety, as described explicitly in chapter 3, constitutes a cru-
cial factor for both the health system and the environmental footprint. Hong et al. 
(2012) states that proper selection of growing medium is closely related to 6 main crite-
ria [67]; geographical area of implementation and its climate condition, type and thick-
ness of substrate layer, plants’ special features, aesthetical outcome, the installation and 
use purpose and the entire installation cost. In extensive green roof system, due to thin 
substrate layer (<15cm), growing medium has to be durable in drought. 
Thessaloniki’s climate is defined by relatively high peak temperatures in summer 
and low in winter, some hoarfrost events, some howling winds and drought in summer 
months. Therefore, the selected vegetation species has to be adapted without noticeable 
maintenance support. Also, vegetation species have to be determined by carbon seques-
tration features and environmental footprint, especially when they are implemented into 
urban fabric. 
According to Greek Centre for Renewable Energy Sources and Savings (CRES) and 
tabulated data, the most prominent vegetation species for the case-study area according-
ly to the extensive green roof can be Sedum and Festuca species [85]. These growing 
mediums present excellent adaptive features in climates like Thessaloniki’s and in thin 
soil layer. They are resistant in peak temperatures and they do not need any special 
maintenance treatment. Also, depending on the use of green roof, grass can be imple-
mented in order to cover uniformly the entire soil surface, providing additional envi-
ronmental profits. 
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4 Life Cycle methodology 
4.1 Materials and Methods 
Green roofs are considered to be a great mitigation solution for various urban issues in-
cluding Urban Heat Island effect. As extensively described in previous chapters, green 
roof technologies applied in various scale, in every part of the world, as it is considered 
a mitigation tool for urban noise, airborne pollution, rainfall water management and 
embracing natural biodiversity. Almost all environmental benefits that green roof pre-
sented, depend on the use of primary energy, natural resources and mainly on raw mate-
rials used in construction.  
4.1.1 LCA overview 
Many companies, markets, scientists and expertise, in every region, make great efforts 
to find the best solutions concerning the aggregation of different green technologies and 
different layers used in every type of green roof, emphasizing to specific characteristics 
and performance. “Therefore, in order to achieve globally acceptable solutions, 
…during the life cycle of the building, …several methods and tools may be used, such 
as Life Cycle Assessment (LCA)” [69]. 
 “LCA refers to the study of the environmental impacts on the stages of a life cycle 
system. It generally constitutes of a set of systematic procedures that quantify the in-
flows and outflows of energy and other resources throughout its total life cycle. Based 
on this quantification, LCA then evaluates and identifies any potential environmental 
impacts, aiming to determine appropriate improvements.” [69]. It is considered an in-
ternational comprehensive and analytical strong tool for the evaluation of potential envi-
ronmental, social or economic impacts of a product, starting from raw material extrac-
tion until the end of its life. More specifically, LCA consists of 6 main stages, as can be 
depicted in figure 4.1; raw material extraction, processing, manufacturing, assembly, 
use phase and disposal management. Furthermore, for better evaluation, there are 2 
ways of an LCA study; cradle-to-grave analysis, which include almost all stages 
throughout life, and the cradle-to-gate analysis that starts from raw materials and as-
sesses until the assembly stage [74]. 
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Figure 4.1: Life Cycle Assessment stages [74] 
 
A number of extensive studies point out the significance of different material used 
in green roofs, concentrating on LCA. Many researches explicitly demonstrate the in-
fluence that some layers have, such as drainage layer, into the overall environmental 
impact a green roof can reveal. The goal remains to be the technological improvement 
through quality classification of each material used. Raw materials use, manufacturing 
process, location and transportation, application technologies, estimations for use phas-
es and various scenarios for waste management indicate potential variation in different 
categories of environmental impacts. Also, other literature-studies and case-studies 
demonstrate impact categories through the comparison of either different green roof ty-
pologies or through evaluation of existing roof-tops in accordance to vegetated roofs.  
The robustness of various types of results are performed by repeatedly analysis that 
modelled by many LCA software, like GaBi, which are structured by many comprehen-
sive project Libraries that include infinite data and LCA processes. It is crucial to figure 
out that the application of an LCA analysis is not accurate in all cases, considering ei-
ther that the building is characterized as an extremely complex system and a huge com-
bination of integrated and build-in systems which continuously undergoes many altera-
tions or by third parameters. Also, human behaviour as occupants importantly affects 
the construction and mainly the service/ operation phase of either a product or an as-
sembly. Geographical location and lifespan of each material are in many cases the key-
factors that substantially affect environmental impacts of each case-study process. As a 
-36- 
conclusion, despite all these problems, the application of this specific comparable LCA 
is based mainly in related literature, which derives from various studies and global re-
searches and in local technology used from local manufacturers and expertise. 
4.1.2 State of the art analysis 
This particular study aims to specify the differences between 2 types of rooftops; the 
first type concerns a Traditional Horizontal Roof (THR), while the other one is the sim-
ulation of an Extensive Green Roof (EGR). The majority of roof-tops in the case-study 
buildings are based on the second type of the roof system, conforming to special criteria 
and needs. The assessment concerns both the environmental and cost footprint and con-
sequences. The calculation and the evaluation of both types will be performed through 
Life Cycle Assessment with a globally recognized LCA software. 
Surface calculation 
For the calculation of total amount of roof availability and all required relevant 
information, as described in previous chapter, Geographical Information System (GIS) 
remote sensing is following in order to detect and manually compile data from national 
open-data resources and local sites, for the specification of roof-tops in the existing 
building stock of the case-study territory.  
 
Figure 4.2: Building blocks of the case-study area 
 
 
In figure 4.2, every building block of the case-study area can be depicted, so as 
to better estimate horizontal surfaces of each block and of each building unit. From 
aerial photography, 52 blocks can be stand out, containing a total of 697 building units 
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or 13 apartment units per block as an average value. It is crucial to point out that for 
better calculation, the blocks encircled by landmarks or prominent public buildings 
(red signs) have been excluded. 
 
Chart 4.1: Comparison of total surfaces and amounts of horizontal roof surfaces of every build-
ing block 
In chart 4.2 below, the proportion between the total surface area of each block and 
the constructed area is represented, that is occupied mainly by building units. As a total 
amount, concerning the entire case-study area, the average proportion between these 
two values is 0,33% approximately, meaning that the constructed area is about 75% of 
the total block area and the rest 25% appertains to open-air areas, including occasionally 
some kind of green spaces.  
 
Chart 4.2: Ratio of roof surfaces in case-study area 
 
The total area of all blocks is measured up to 200200m2, of which horizontal roof 
areas are calculated of 150590m2 approximately. According to Theodoridou et al. 
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(2012) the exploitable horizontal roof area, for green roof purposes and for apartment 
buildings, like case-study units, is limited and could be ranged between 36% and 56% 
out of the total [65]. As described earlier, the rest roof-top area is occupied by build-
ing’s facilities, staircase protrusions, penthouses’ terraces and pitched roofs. Hence, 
considering this specific datum, it can be estimated that, within the case-study district, 
green roof application can be supported only by an average value of 46%, meaning 
69271m2. 
The LCA analysis would be modeled, performed and assessed for the implementa-
tion, of both THR and EGR for a total exploitable roof-top surface of 69271m2. There-
fore, all potential results might be more accurate and realistic, corresponding environ-
mental and economic impacts into the existing situation of study area of Thessaloniki’s 
city center. 
Construction phase 
The LC assessment would be based on the implementation of both THR and EGR of 
specific construction elements, features and requirements. As described in previous 
chapters, almost all building units in the case-study area are aged between 1960 and 
1980. Nowadays, the existing building stock is considered aged enough, thus all imple-
mented materials onto roof-tops are also aged. For LCA purposes, and due to inability 
of on-site examination of all used roof construction materials, it is estimated that all the 
layers of every roof-top are aged and weathered, while occupants have not replaced any 
material. Thus, it is considered that all proper materials would be considered as new, 
despite the fact that some cannot anymore be replaced, such as rebar or concrete slab. 
More specifically, according to the national construction standards, mentioned in 
previous chapter, and local expertise, traditional horizontal roof (THR) is proposed to 
be formed by 4 materials. The installation stages/components can be depicted in Figure 
4.3. From interior ceiling to the upper exterior surface, the first implemented material is 
the horizontal concrete slab, as part of the building’s structure, which contains specific 
amount of steel or rebar. According to local manufacturers and national construction 
codes, the required amount of concrete for 1m2 of application equals to 3.5m3 and the 
steel is estimated to be equaled to 13,5kg/m2. The upper surface is covered by insulation 
of specific type and performance. The insulation concerns XPS type in boards in order 
to be used on floors. The package of 5,76m2 weights about 10kg and contains boards of 
5cm thickness and dimensions of 1,20*0,60m. The final surface is proposed to be cov-
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ered by liquid mastic asphalt which protects the entire structure from water penetration, 
UV radiation, thus allowing lifespan to be extended significantly. There are various 
similar materials in the local market that provide almost the same performance and 
characteristics, while they can be deemed as an excellent factor for upgrading the exist-
ing aged horizontal roof-tops.  
 
Figure 4.3: Proposed construction assemblies of THR 
Furthermore, the hypothetical implementation of extensive green roof (EGR), on the 
same total surface, is proposed to be formed by 10 layers, which would be calculated. 
The installation stages/components can be depicted in Figure 4.4. The two first, con-
crete slab and rebar, remain the same as in THR and the same liquid mastic asphalt di-
rectly covers the top. Next upper layer is the water proof membrane of specific chemical 
characteristics. Root barrier is putted as the next surface layer and up to that thermal in-
sulation, similar as THR, is applied. As a next layer the drainage and the filter layer are 
used. Waterproof membrane, root barrier, drainage and filter layer are chemically pro-
duced by polymers; polypropylene and polyethylene. In global market, there is a huge 
variety of different types of inorganic polymers, which have been environmentally ana-
lyzed, while the manufacturing process extremely affects natural resources. On the con-
trary, organic or recycled polymers are almost scarce in the European market, thus the 
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accessibility might be costly but environmentally effective. The substrate layer is de-
fined as a specific mixture for the implementation of final coating layer, the vegetation. 
The composition of substrate medium might vary from country to country or even 
among different local areas. In the case-study, with the direct support of a local compa-
ny, the usage of the implementation of specific type of substrate has been decided, 
which contains sand (30%), natural pumice (17,5%), natural perlite (17,5%) and com-
post of green organic manure (35%), as an organic fertilizer [77]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Until now, it is deemed that the installation of thermal insulation, both in THR and 
EGR systems, is not mandatory for every similar structure, but in the particular case-
study, experiment insulation is considered a crucial key-material for the environmental 
Figure 4.4: Proposed construction assemblies of EGR 
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upgrade of the entire structure. Also, for LCA purposes, every roof type is hypothesized 
as a single unit, meaning that the height, type, energy demands, use purposes of each 
specific building unit, are not taken into consideration. Both roof systems are calculated 
in installation-construction phase, without the consideration of special installation 
treatment or labor needs. 
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4.2 Environmental Life Cycle Assessment (LCA) 
4.2.1 General Methodology 
For this particular case-study Environmental analysis, a specific Life Cycle Assessment 
method is selected, aided by SimaPro v. 7.1.8 software [74]. According to the Interna-
tional Organization of Standardization (ISO14040-14044), every LCA consists of 4 
basic stages; Goal and scope definition, Inventory analysis (LCI), Impact Assessment 
(LCIA) and the Interpretation (figure 4.5) [75,76]. 
 
Figure 4.5: Stages of a Life Cycle Assessment [74] 
 
All stages are linked meaning that the entire LCA is an iterative process. The select-
ed type of LC assessment for this case-study, is the cradle-to-gate analysis, which deals 
with all the stages from raw material extraction, through manufacturing process and 
transportation, to the phase of assembly [74]. As discussed before, for both THR and 
EGR, LCA is supported on inventory of special inputs and outputs, in order to assess 
and compare potential environmental impacts of Traditional Horizontal Roof (THR) 
and Extensive Green Roof (EGR). The LCA is conducted only for the hypothetical con-
struction phase of both roof types, without considering the stage of installation and the 
use and maintenance phase, since it is estimated that labor special equipment and ener-
gy requirement are of minor importance and they do not affect the overall environmen-
tal impact. Only, in EGR the irrigation process is taken into account for a period of 1 
year, due to the fact that green roof is a crucial factor for water management, as has 
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been extensively discussed previously. According to maintenance instructions of a local 
green roof expert, the estimation of irrigation is about 0,3lt of water per plant for 3 
times per week, from May until September concerning the area of Thessaloniki. Hence, 
there is the hypothesis of implement 4 sedum plants per m2. Last but not least, waste 
management of each specific applied material has been excluded from the scope of this 
study, while the method of analysis used concerns the cradle-to-gate analysis. 
 
4.2.2 Goal and Scope Definition 
The goal of this case-study research is to comprehend, analyze and compare the poten-
tial environmental impacts of both the conventional horizontal roof (THR) and the ex-
tensive green roof (EGR).  Results would be created by the hypothetical specific appli-
cation of both roofs into calculated roof-top horizontal surfaces of apartment-building in 
a case-study territory, in the district of the city center of Thessaloniki region. The appli-
cation of each roof-type is considered to be a part of specific technological characteris-
tics presented into chapter. This comparative study might be considered a sequel of pre-
vious scientific papers aimed either in environmental potential of Thessaloniki city or in 
done LCA studies focusing on environmental potentials of green roof’s technology. 
This case-study is conducting by the author, student of International Hellenic University 
(IHU), as part of dissertation framework of M.Sc. studies, who is concerned about cli-
mate mitigation strategies in Southern Europe. This LCA analysis does not aim to pub-
lic comparative assertion. All findings of the study are intended to be used as basis for 
educated internal communication, supported by IHU. 
 
Functional unit 
The function of both comparative roof-types is to “cover a certain surface horizontal 
area, of 69271m2, as it is deemed the upper boundary of the urban canopy in case-study 
area, for specific period of time”. Thus, the functional unit used for comparison can be 
considered as the constructed specific roofing system of 69271m2 specific roof-top in 
case-study area for the first 15 years of implementation. 
Data origin 
In this particular study, quantified data were elaborated for the creation of inventory in-
puts and outputs, including energy, water and material resources, emissions and wastes. 
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The majority of these features, concerning both roof systems, have been experimentally 
collected by the author. These data concern roof’s components in the aspect of technol-
ogy, installation and construction and they were provided by local companies and ex-
perts, in Greece’s territory. Some other information, mainly about process, have been 
provided by online open-databases or through websites of global manufacturers. Fur-
thermore, manufacturing processes of all initial materials and assemblies used, infor-
mation about amounts of consumption and emissions of natural or engineered resources 
in different life cycle phases have been provided by the Ecoinvent system database that 
is embedded in SimaPro software [73]. Additionally, literature, publications and some 
scientific relevant papers have significantly contributed to the proper selection and cal-
culation of some assemblies into the entire analysis. All collected data and relevant re-
searches correspond to the period of the last 20 years, collected mainly by European 
companies and National Institutions. 
Allocation procedure 
In an LCA study many complex systems are involved from the very beginning of each 
material phase into life cycle to the total end of life. The burdens have to be clearly 
specified, especially in cases of analyzing a sub-system of an overall mega-system. 
Thus, the burden allocation procedure has to be defined, so as all potential environmen-
tal impacts to be extracted in correspondence to the analyzed system. In this particular 
study, procedures taking part in both roof systems considered to be allocated in manu-
facturing phase, throughout the Ecoinvent database used. 
Hypothesis 
 According to various studies, the average life span of each type of roof depends on 
selected used materials specifications. Unfortunately, there are no data or proxy data 
that define properly an average lifespan and are not publicly available, while there is an 
ample variety of different products in the European market. In particular, in THR, the 
life span of concrete and rebar is calculated to be more than a century but directly af-
fected by the overall structure. The effectiveness of thermal insulation and the applied 
mastic asphalt also depend on application technology, geographical area and indeed the 
service potentials. According to some available LCA studies, materials used in EGR, 
only polymers like waterproof membrane, root barrier and drainage layer might be 
characterized with an average lifetime of 10-15 years before needed partly replacement. 
 As overall, many extensive studies come to the conclusion that a green roof, of any 
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type, has a triple lifetime compared to a conventional roof. Hence, an alternative com-
parison, in sensitivity analysis, has to be performed between materials and processes 
needed for 3 THR and 1 EGR. For the basic LC assessment, the comparison is conduct-
ed on the first year after the initial installation. So, any potential service or maintenance 
is excluded from LCI phase, assuming that long-term environmental impacts are not 
affected. 
 
4.2.3 Inventory analysis (LCI) 
The two systems considered for LCI analysis are THR system and the EGR system. As 
mentioned above, each roof system is a compilation of different materials or compo-
nents. The stratification and the proper selection of each component has been conducted 
either by literature reviews or by the direct communication with local manufacturers. In 
figures 4.6 and 4.7, components are presented as a section of the completely construc-
tion of both roof systems studied.  
 
Figure 4.6: Material assemblies of THR 
 
 
Figure 4.7: Material assemblies of EGR 
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System burdens 
Both systems include a set of many processes that are directly or indirectly intercon-
nected via mass, energy required and manufacturing exchange. The case-study roof sys-
tems are separated from the infinite processes of the engineered world through the exist-
ing and virtual system’s burdens, which have been specified in a particular way. More 
specifically, there are 3 types of selected boundaries in this case-study; burdens separat-
ing the system from natural environment, boundaries that determine special sub-process 
that are extremely relevant to the system and cut-off boundaries that exclude irrelevant 
sub-processes, inputs and outputs, to the system [74]. In figure 4.8, direct system bur-
dens of both systems can be depicted, in order to comprehend main inputs and outputs 
of systems, in other words flows, for reasons mainly of simplicity in case-study scope. 
The rest of the processes can be deemed as negligible part of the system analysis of the 
overall environmental impacts. 
 
Figure 4.8: Direct system burdens of the cradle-to-gate analysis of both THR and EGR systems 
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System Inputs 
In order for the LCI analysis to be conducted, the first and more crucial part was the 
proper collection of all quantitative data, concerning components of both roof systems. 
It should be pointed out that there is a variety of online data and several information 
available in global market, regardless the quality and accuracy and the usefulness role 
of each information for this particular case-study; during interpretation of LCI, all quan-
titative data were overhauled. For LCI process, the establishment of various flows that 
concern each roof system process was crucial, starting from cradle to construction 
phase.  
An important factor for the creation of Inventory flows, was the accuracy of each 
sub-assembly used. All initial required materials were selected by the Ecoinvent data-
base, as described above, containing all the necessary information and processes re-
quired for the case-study systems. Every initial material used consists of a proper com-
bination of many products and co-products or sub-processes for the production of 1 unit 
of each final material, while all steps are included, starting from raw materials’ extrac-
tion to manufacturing process through labor, tools infrastructure and energy required. 
Accordingly, the necessary inputs and outputs of transportation process until the final 
step of manufacturing has been taken into consideration. The allocation factor has also 
been considered in every sub-process, which will be discussed below. 
More specifically, the THR system constitutes of 4 main assemblies; each one rep-
resents every system’s component, as discussed previously. The horizontal concrete 
slab, steel or rebar is the main component of concrete slab, thermal insulation and mas-
tic asphalt. Its assembly consists of materials and/or sub-assemblies and further pro-
cesses like transportation and/or energy requirement. In figure 4.9, the flow of THR can 
be depicted in the simplest form, starting from the final component until all initial sub-
processes needed for the creation of each component. 
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Figure 4.9: The inventory flow of THR in a 0,1% cut-off, extracted by SimaPro software 
 
Also, Table 4.1, presents all required amounts of inputs so as to create the in-
puts’ flow, considering that, in all cases, the calculation of each amount concerns the 
installation of THR of 69271m2 in case-study area.  
Table 4.1: Amounts of inventory inputs of THR 
 
In EGR system, the entire assembly consists of 10 main sub-assemblies of which 
only 3 of them are similar to THR; horizontal concrete slab, steel or rebar, mastic as-
phalt, water proof membrane, root barrier, thermal insulation similar as THR, drainage 
layer, filter layer, substrate medium and the vegetation layer. The assembly of substrate 
layer is a combination of 4 main sub-assemblies; pumice, perlite, natural fertilizer of 
grass matures and soil. These features are not manufactured, but they can be found and 
gathered in nature or at mines as database means, affecting positively in an extensive 
level the overall environmental impacts. Properties and kind of these sub-assemblies of 
substrate layer, are directly affected by local climatic conditions, the type of green roof 
technology, vegetation species and the availability of raw materials in the local market. 
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Similarly, to THR, in figure 4.10, the flow of EGR can be depicted in the simplest form, 
starting from the final component until all initial sub-processes needed for the creation 
of each component. 
 
Figure 4.10: The inventory flow of EGR in a 0,1% cut-off, extracted by SimaPro software 
 
Also, Table 4.2, presents all required amounts as inputs for the creation of all in-
puts’ flows, considering that, in all cases, the calculation of each amount concerns the 
hypothetical installation of EGR of 69271m2 in case-study area. 
 
Table 4.2: Amounts of inventory inputs of EGR 
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In every assembly and sub-assembly of LCI for both roof systems, a plan of material 
transportation has been estimated. This plan is presented in table 4.3, concerning that all 
used materials are gathered by manufacturers in Greece (Thessaloniki, Athens and Ko-
motini), market suppliers in the area of Thessaloniki, picking them up into the case-
study field. The transportation medium varies each time; it is estimated that mainly a 
transport lorry of 10-32ton (EURO 4) can curry all materials needed, while some other 
materials can be transported by train. In inventory analysis, for both transportation me-
diums, all sub-processes, materials and energy required, are included according to 
Ecoinvent database, meaning that all inputs and outputs can be exported and affected by 
the overall environmental impacts. 
 
Table 4.3: Transportation inventory processes of every sub-assembly of THR and EGR 
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4.2.4 Impact Assessment (LCIA) 
The life cycle Impact Assessment (LCIA) is carried out in order to translate the invento-
ry processes (LCI) into an environmental impact profile. The main concept remains the 
environmental comparison between the THR and the EGR, considering all specific ma-
terial and processes used for the hypothetical application in the case-study area. The aim 
is the evaluation of both roof systems in relation to the goal and scope of this study. All 
results would be further processed with respect to pre-establish environmental prefer-
ences. 
 The impact assessment can be characterized as a quantitative and/or qualitative 
evaluation of all inventory phases of studied systems and the overall interpretation of 
environmental consequences. In every LCIA, there are 5 steps that are followed; classi-
fication, characterization, normalization, grouping and weighting [74]. The last three 
steps are optional to be analyzed, while they enhance a more detailed environmental 
analysis. All potential impacts can be assessed at midpoint or at endpoint level. Mid-
point models are mainly dealing with impacts like abiotic depletion, whereas, endpoint 
models consider damage-oriented issues, which could negatively affect human health or 
natural environment. 
In this specific study, the interpretation and the comparative evaluation of LCI is 
conducted with the help of IMPACT 2002++methodology, that is selected for the overall 
life cycle analysis of both systems. As described in previous chapters, the area of the 
city center of Thessaloniki is facing mainly airborne pollutants. Hence, this study focus-
es on the comparison of both systems based in 4 main air-pollution factors and further 
on the overall environmental analysis. All potential results can be gathered and evaluat-
ed based on these factors and based on midpoint categories, caused by the implementa-
tion of both system and by the assumption of 1 year of lifespan. 
For the best evaluation of all inventory phases of both systems, a sensitivity analysis 
is conducted. A sensitivity analysis is characterized as a procedure for the identification 
of this estimation that is of most significance by the environmental aspect, so as LCA 
results to be secured. In this specific study, the first sensitivity analysis concerns the al-
teration in some assumptions, and more precise in the replacement of thermal insulation 
material. The second sensitivity analysis is focused in life-time of each system, consid-
ering long-term environmental impacts. 
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4.3 Life Cycle Cost Assessment (LCC) 
Some surveys, conducted in green building projects, reveal that premium paid, in com-
parison to traditional edifices, is escalated almost by 2%. This small additional amount 
is derived from the special equipment required, materials used and expenditures for la-
bor and design stages. “Green doesn’t have to mean expensive. This is a common mis-
conception” [68]. It is crucial to figure out what exactly the extra amount on initial costs 
for an applied green mitigation building strategy means. A green infrastructure always 
gives back efficiency; during construction and in use phase. A little sustainable invest-
ment into the building structure means an asset value for future-proof environment.  
4.3.1 Theory 
Green roof systems are globally considered into design and construction fields, while 
there are few conducted researches that assess and evaluate the costs in conjunction 
with overall benefits. Taking into consideration the relevant literature on the field of 
economics, some evaluation studies reveal special benefits at single roof scale. Accord-
ing to Li (2004), the comparison between 2 roofs, a vegetated and a traditional one, for 
life-span of 60 years, shares that a vegetated roof can be more expensive by 7% out of a 
conventional in overall lifetime [83]. Clark et al. (2006) compared, again, these 2 types 
and concluded that there is a return on investment of 11 years, considering overall envi-
ronmental benefits [72]. In sustainability context, there are some alternative values, like 
Eco-indicator, that figure out the cost’s benefits compared to the lifetime of a single 
green roof of specific materials and performance. 
 “Benefit cost analysis has been widely recognized as a useful framework for as-
sessing the positive and the negative aspects of prospective actions and policies, and for 
making the economics implications alternatives an explicit part of the decision-making 
process” [70]. In almost every cost study, the measurement of net present value (NPV), 
throughout the test of NPV, consists of a standard method for the evaluation of all phas-
es over specific lifetime of a green roof system. The scenario with the lowest applied 
NPV is often the most desirable for the extraction of proper results. For the entire eval-
uation of potential costs consequences, the Life Cycle Cost assessment (LCC) is used. 
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4.3.2 Methodology 
This specific study focuses on the quantification of partial cost needed for the proper 
hypothetical implementation of extensive green roof (EGR), in comparison to a conven-
tional or traditional horizontal roof (THR), in the specific case-study surfaces (of 
69271m2) in the area of Thessaloniki. 
 All inputs for the cost inventory analysis has been extracted mainly by extensive 
pricelists and data from local material suppliers, in the area of Thessaloniki, after the 
direct author’s communication. Furthermore, due to the fact that there is a relevant 
scarce in the availability of prices, some information has been collected by peer-
literature, in which a number of price-tables are reported in special case-studies. Also, 
free online data have been gathered, especially on cases of national deduction costs that 
consider work and insurance values. All these values extracted can be deemed as accu-
rate, while all sources have been published during the last 5 years. 
As described above, all materials used and proposed construction specifications 
remain the same towards the environmental LCA. All assumption and scenarios, from 
the cradle-to-gate analysis, can be implied into cost analysis, while including the use 
phase in inventory burdens. More specifically, LCC focuses on the determination of net 
values for both, the THR and the EGR, starting from cradle processes of all assemblies 
until the construction phase of each roof system and the use phase for the first 20 years 
of life. The lifetime of a traditional roof system, according to many experts, is expected 
to be at least 20 years, considering that after the passage, a replacement or service in 
some materials used will be implemented. On the contrary, green roof systems are 
deemed to have a minimum of 45 years life expectancy, without any important service 
in applied materials required. Hence, the LCC study is aimed to compare the aspect of 
the first 20 years of maintenance of each system after the construction. The period of 
analysis is defined as from zero year until the year of 2037, while year zero is the year 
of 2018. It is crucial to point out that the currency of the analysis or the reference unit, 
is euro (€) and the analysis refers to European trades and products. 
This particular LCC analysis accounts for the following main categories, which 
concern both roof systems; the initial costs and the maintenance costs for a period of 20 
years. All values can be presented in table 4.4, as single units of different processes and 
as total for the implementation of all case-study surface. 
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Table 4.4: Inputs of LCC analysis of THR and EGR systems 
 
 
 
The first category, of initial costs, includes the initial cost of materials, the in-
stallation costs and the transportation from the manufacturer to the case-study field. The 
price of each material used considers to be derived by the extrapolation of various pric-
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es of special processes, such as manufacturing, tools, energy required and many more, 
considering the allocation factor. The installation phase is characterized either by na-
tional institutionalized deduction costs, such as work-insurance and by labor costs that 
were derived from the local market. Transportation costs have been calculated by price-
lists of various local companies of different transportation mediums and vehicles. 
Moreover, maintenance costs have been quantified by the compilation of estimated ser-
vice costs, including labor/equipment required and a yearly markup of 3%, for the peri-
od of every year of application for every m2 of roof system installed. Each price has 
been quantified by a unit of reference that is important for the analysis process. It is im-
portant to point out that all indirect costs related to both roof systems, for the studied 
period of 20 years, do not include subject of this particular LCC analysis, costs such as 
impacts and maintenance of the public sewerage network. 
From the tables above, costs flows have been generated by all necessary required 
costs for the construction and the maintenance of 1 year for every roof system. Each 
flow represents the allocation of total amount into different used categories, as de-
scribed above and can be presented in charts 4.3 and 4.4, for every roof type, consider-
ing the installation of 69271 m2 of each roof system. 
 
 
Chart 4.3: Inventory input-flows of THR system 
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Especially in EGR system, the maintenance cost has been increased due to irri-
gation phase, as presented in environmental LCA, due to estimation of gardening and 
fertilizing service for over a year period.  
 
 
Chart 4.4: Inventory input-flows of EGR system 
 
The irrigation value (presented in table 4.4) depends on the initial assumption, as 
in the LCA, that every plant applied needs 0,3lt/time, considering that 1m2 of EGR can 
support 4 plants and 3 irrigation times per week from April to September. The price 
value of water at tap (0,00106 €/m3) has been found by tabulated data of local water 
supplier company. It is estimated of an average 0,3% yearly increase, excluding all oth-
er national or/and local fixed costs. In fertilizing and gardening costs, some materials 
required (such as specific amounts of organic fertilizer) and the proper labor cost are 
included. All values have been extracted by maintenance price-tables of a local compa-
ny, which considers the value to be about 1,5€ per m2. 
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 The inventory of LCC analysis has been conducted with the use of the following 
equation (figure 4.11) that is applied in THR and in EGR system. 
 
 
Figure 4.11: The equation used for the overall LCC analysis [72] 
 
In the equation, Io represents the total initial cost, including any value discussed 
above. The value Oi and Mi means, almost the same value, the total maintenance cost of 
every roof system, while r is the integrational real discount rate, which is considered as 
0,05% and can be extracted by the nominal value of every process/material analyzed.  
 
Considering the real data described comprehensively above, estimations, assump-
tions and scenarios, the Life Cycle Cost analysis has been conducted so as to extract the 
overall economic evaluation of both systems. The economic comparison between THR 
and EGR systems will be presented and extensively discussed in following chapters. 
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5 Results 
This special case study focuses on the extrapolation of various processes used for the 
construction and the first-year application of both roof systems; the THR and EGR sys-
tem in the case-study area. The quantification and the qualification of all necessary ma-
terials, assemblies, processes, products and co-products led to the environmental evalua-
tion of each system, through the interpretation of all mixed materials and methods, fol-
lowing all assumptions and facts discussed in previous chapters. In this chapter, all re-
sults, either of environmental LCA and economic analysis will be extensively presented. 
  
5.1 Environmental LCA 
In the first sub-chapter, environmental LCA, all results of the analysis will be 
presented in different categories, in order to output flows and impacts to simply be 
formed, presenting in detail all necessary discussed materials, which were used in LCA 
and LCC analysis. The interpretation phase of the analysis of both systems is followed 
by the classification into impact categories and endpoint stages. 
The interpretation stage can be defined as the systematic and further-processed 
quantitative involvement of all phases of the analysis. The inventory data of each analy-
sis could not be presented in particularities, since there are no strict or rigorous rules 
applied in every LC assessment. The standardization and the classification of all data 
depend mainly on decision-making aspects in basis of the goal and scope of each specif-
ic analysis. 
The classification stage can be characterized as the classification of all inventory 
data of the LCA phases into impact categories. The selected categories are refined and 
finalized considering the degree of detail that has been defined during analysis. This 
stage is a combination of two main categories of classification; characterization and 
damage assessment.  
In order to assess inventory data, specific impact categories have been selected for 
this particular study; Carcinogens, Non-carcinogens, Respiratory inorganics, Ozone lay-
er depletion, Respiratory organics, Aquatic ecotoxicity, Terrestrial ecotoxicity, Terres-
trial acidification, Aquatic eutrophication and Global Warming. The specification of 
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each impact category has been conducted by the calculation of a category’s indicator 
that reflects the relative contribution to LCA outcomes into single categories. The char-
acterization category reflects all output amounts of LCI into different impact categories, 
expressed by a specific unit. Damage assessment part is consisted of all the exported 
results or consequences presented, according to the selected environmental calculation 
method, which is Impact 2002+. This category is presented in two levels of environ-
mental evaluation; mid-points and end-points results. All following results are explicitly 
reported, while in next chapter they will be discussed in a comprehensive way. 
5.1.1 Traditional Horizontal Roof (THR) 
As discussed in previous chapters, THR consists of many assemblies and sub-
assemblies that contain a huge variety of processes, materials used, energy require-
ments, tools and manufacturing phase. In order to be produced and be used as selected 
by this study, all assemblies present environmental footprint that is directly related to 
the overall LC analysis. All results are described below. 
 
Characterization 
All sub-assemblies used for the construction of THR (concrete slab, steel, thermal insu-
lation and mastic asphalt) can be totally measured and be classified into specific dis-
cussed impact categories, as chart 5.1 reveals. Appendix B.1, also, presents the total 
amounts (in kg) per impact category. This chart shows the amounts of outputs that con-
tribute in LCI analysis, calculated in percentage (with the total of 100%), per sub-
assembly and per selected impact category, considering a 0.1% cut-off of all amounts. 
The case-study, initially, gives more emphasis in specific air-borne pollutants of 
which the case-study area suffers. All previously pollutants discussed are included in 
different impact categories that were described before. More particularly, the CO2 air 
pollutant is contained in global warming impact category and this can be deemed as the 
most crucial negative factor for the determination and the environmental evaluation of 
each assembly used. 
 
-60- 
 
Chart 5.1: THR-characterization based on impact categories 
The charts 5.2 below presents explicitly the inventory outputs on global warming 
category of each sub-assembly and as total. All charts contain all the main ingredients-
outputs that negatively affects each sub-process of LCA. The results are presented with 
a 0,1% cut-off. In Appendix B.2, all specific outputs of each sub-assembly contributing 
to each mentioned impact category are presented as tabulated data, exported by LCA 
software. 
 
Chart 5.2: THR-concentration of CO2 in each sub-assemby 
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Damage Assessment 
All the environmental outputs revealed above, lead to the classification and the evalua-
tion into mid- and end-points consequences. The first part concerns the determination of 
LCI into selected initial impact categories, while the latter refers to the damage-issued 
problems derived from initial inventory processes. 
 
Mid-points 
All inventories used have been analysed and compared with the aim of Impact 2002+ 
assessment method. Each sub-assembly refers to an impact category as total amount, 
using a specific indicator unit that refers to each category. All impact categories remain 
the same as in the characterization phase. 
 
Table 5.1: THR-damage assessment based on impact categories 
 
 
Table 5.1 presents the total amounts of environmental outputs contributing to each 
impact category.  
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End-points 
Amounts of output flows of each sub-assembly can be classified in different mega-
categories; human health, ecosystem quality, climate change and resources. All mega-
categories include and directly refer to main impact categories, as described before. 
The following table 5.2 shows the total amounts of each sub-assembly that refers to 
each specific category. The units have been defined by the selected environmental anal-
ysis method and the category of reference. 
Table 5.2: THR-damage assessment based on end-point categories 
 
 
 Also, the comparison between each assembly can be depicted in chart 5.3 that 
calculates output amounts as total in a percentage rate, considering that the total equals 
to 100%. A 0,1% cut-off was mandatory for the proper extrapolation of all presented 
results. 
 
Chart 5.3: THR-Damage assessment based on main end-point categories 
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5.1.2 Extensive Green Roof (EGR) 
The EGR system also consists of many assemblies and sub-assemblies in order to form 
a selected green roof system to be analyzed. The environmental analysis of the entire 
assembly is directly contributed to environmental flows (input and output) and different 
phases of processes. Thus, initial outflows and environmental consequences are pre-
sented as follows. 
 
Characterization 
All sub-assemblies used for the construction of EGR (concrete slab, steel, mastic as-
phalt, waterproof membrane, root barrier, thermal insulation, drainage layer, filter layer, 
substrate medium and vegetation layer) can be calculated as total amounts and be classi-
fied into specific discussed impact categories, as chart 5.4 reveals.  
 
 
Chart 5.4: EGR-characterization based on impact categories 
 
The chart above measures all outputs of sub-assemblies in percentage, concerning 
that the total amount is 100% and a cut-off of 0,1% was necessary. The Appendix Β.3 
presents specific amounts of each sub-assembly in every impact category that it con-
tributes.  
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As mentioned in THR sub-chapter, this particular case-study emphasized in CO2 
concentration related to each roof system in our case-study area. Thus, all airborne pol-
lutants related to carbon dioxide and derived from each sub-assembly of EGR is depict-
ed as follows, in chapter 5.5. All amounts are analyzed according to the global warming 
category that directly refers to CO2 concentration. In the results, a 0,1% cut-off has been 
conducted. 
 
 
 
Chart 5.5: EGR- concentration of CO2 in each sub-assembly 
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Damage 
All the environmental outputs of the EGR described above, lead to the classification and 
the evaluation of mid- and end-points consequences. The first part concerns the deter-
mination of LCI into selected initial impact categories, while the latter refers to the 
damage-issued problems derived by initial inventory processes. 
 
Mid-points 
All outputs derived from inventory processes can be classified into main select-
ed environmental impact categories. Each sub-assembly is mentioned as total amount 
and they have been evaluated by the selected European method, while all results ex-
pressed by a reference unit. The following table 5.3 presents all mentioned amounts for 
each sub-assembly. 
 
Table 5.3: EGR- damage assessment based on mid-point categories 
 
 
It is important to point out that the irrigation process contributes as an assembly, de-
spite the fact that is characterized as use phase. This phase includes processes and mate-
rials that affect significantly the overall environmental evaluation. Also, in Appendix 
Β.4, the chart depicts the same amounts using percentage ratio so as to make a compari-
son between sub-assemblies and mid-point impact categories. 
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End-point 
Amounts of output flows of each sub-assembly can be classified in different 
mega-categories; human health, ecosystem quality, climate change and resources. All 
mega-categories include and directly refer to main impact categories, as described 
above. 
The following table 5.4 presents the total amounts of each sub-assembly that refers 
to each specific category. The units have been defined by the selected environmental 
analysis method and the category of reference. 
Table 5.4: EGR- damage assessment based on end-point categories 
 
Also, in the following chart 5.6, the comparison between all sub-assemblies and 
end-point categories can be depicted. The comparison scale is presented in percentage 
considering that 100% remains the total amount. Results have been undergone in a 0,1% 
cut-off for presentation reasons. 
 
Chart 5.6: EGR- Damage assessment based on main end-point categories 
Same as in previous table, irrigation with water is depicted as an assembly. In this 
chart, there are also negative percentage values that represent a sub-assembly in a spe-
cific mega-category. 
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5.1.3 Comparison THR and EGR 
As mentioned previously, outputs of all inventory phases of life cycle of each roof sys-
tem were presented in characterization and in classification level. Each assembly and 
sub-assembly that contributes to the environmental impact was depicted in detail, figur-
ing out the effecting degree both in main impact categories and in final stages of the en-
vironmental evaluation. In this sub-chapter, the comparison between both case-study 
roof systems (THR and EGR) will be presented, maintaining the same pattern of envi-
ronmental analysis. 
 
Characterization 
The overall output profile of each roof system can be calculated as total amounts of 
effectiveness, considering each impact category. With the same way, as in each roof 
system results’ presentation, results refer to the 10 main impact categories. 
 
Amounts of each roof system can be presented in the following chart 5.7, making a 
comparison between the impact categories and the roof systems. The outcome ex-
pressed in percentage, considering that there are negative values and the total score re-
mains up to 100%. 
 
 
Chart 5.7: Comparison-characterization based on impact categories 
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In conjunction with the chart above, the Appendix Β.5 presents the amounts of out-
flows of each analyzed roof system. All amounts include all assemblies and sub-
assemblies of both systems that contribute in a 0,1% cut-off degree in the LCIA evalua-
tion. 
All inventory outputs that derived from inventory processes can, for both roof sys-
tems, be characterized into global warming impact category and more specifically the 
analysis gives emphasis to CO2 concentration. As discussed previously, this case-study 
emphasized the carbon dioxide levels which are produced as airborne pollutants and 
create a suffering environment not only in the case-study area. Hence, in chart 5.8, the 
comparison in CO2 levels and main inventory ingredients between THR and EGR can 
be depicted in more detail. In results a 0,1% cut-off has been conducted. 
 
 
Chart 5.8: Comparison-concentration of CO2 into each assembly-product 
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Damage 
All the above environmental outputs of both THR and EGR systems, conclude to the 
classification and the evaluation of mid- and end-points consequences. Mid-point analy-
sis refers to the same main impact categories, while in the end-point all outputs are 
gathered and evaluated in main 4 mega-categories, as described below. 
 
Mid-points 
As in each roof system, in comparison analysis all outputs that derive from LCI 
of each assembly can be classified into main impact categories. The reference unit refers 
to each category and to selected analysis method.  
The following table 5.5 shows the amounts of contribution of each roof system 
into impact categories. 
Table 5.5: Comparison- damage assessment based on mid-point categories 
 
 
In Appendix Β.6, the chart reveals the same comparison but expressed in percentage 
ratio, in order to deeply comprehend the contribution degree of each roof system. 
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End-point 
Amounts of output flows of each roof system can be classified in different 
mega-categories; human health, ecosystem quality, climate change and resources. All 
mega-categories include and directly refer to main impact categories, as described be-
fore. The following table 5.6 presents the total amounts of both roof systems that refer 
to specific category. The units have been defined by the selected environmental analysis 
method and the category of reference. 
Table 5.6: Comparison-damage assessment based on end-point categories 
 
Moreover, the following chart 5.9 can depict the comparison between each roof 
system that creates in a comprehensive way of the main concept of analysis and the total 
environmental assessment. The comparison scale is presented in percentage considering 
that 100% remains the total amount. Results have been undergone in a 0,1% cut-off for 
presentation reasons. 
 
Chart 5.9: Comparison- damage assessment based on end-point categories 
This table is expressed with a 0,1% cut-off as it includes the main contributing 
ingredients for overall environmental evaluation. 
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5.1.4 Sensitivity analysis 
The term sensitivity analysis of an LCA characterizes the deeper evaluation of results of 
some or in special cases, of all inventory phases. More particular, some of the most im-
portant initial assumptions that extensively influence inventory phases and thus the in-
terpretation of the entire analysis, has to be undergone into a new comparable analysis 
based on initial goal and scope definition of case-study. 
 In this particular study, as discussed in previous chapters, all selected assemblies 
and sub-assemblies for the creation and the assessment of both THR and EGR have to 
be verified by the implementation of alternative inventory data. Hence, the replacement 
of a sub-assembly leads to the total replacement of the processes, raw materials, energy 
used and manufacturing strategies, in means that significantly influence the overall en-
vironmental footprint of the entire assembly; THR or/and EGR roof product.  
In this sub-chapter, two sensitivity analyses were selected to be concur, so as to be 
creating an alteration in the vital comparison of two main product-roof systems. The 
first sensitivity analysis concerns the sub-assembly of thermal insulation, as described 
above, while the second deals with the overall lifespan of each roof system. 
 
Thermal Insulation 
The thermal insulation consists of an entire sub-assembly onto inventory processes of 
both systems. The initial selected thermal insulation type is defined by many environ-
mentally negative points; thus, it is crucial to be replaced by a new type in order to af-
fect positively in overall the environmental assessment. The application of thermal insu-
lation exists in both roof systems and presented as the same constructural material hav-
ing the same technical characteristics and performance. In comparison to the initial in-
sulation type, the new is defined as polysterine, extruded (XPS), 100% recycled, it is 
used in the same amounts and the entire manufacturing process and inventory is based 
on the Ecoinvent database. 
As in THR, EGR and comparison results, the following presentation of results of 
sensitivity analysis, will be conducted based on damage classification, in mid-points and 
in end-points consequences. 
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Mid-points 
As in each roof system, in sensitivity analysis all outputs that derive from LCI of each 
assembly can be classified into the same main impact categories. The reference unit re-
fers to each category and to selected analysis method. The following table 5.7 shows the 
amounts of contribution of each roof system into impact categories, comparing the new 
roof system that includes the replacement of thermal insulation. 
 
Table 5.7: 1st Sensitivity- damage assessment based on mid-point categories 
 
 
Also, in Appendix Β.7, the chart depicts the same evaluation based on main impact 
categories but in percentage scale, presenting more comprehensively the comparison 
between the old and the new assemblies-roof systems. 
 
End-points 
Amounts of output flows of each roof system and new roof systems, including 
new thermal insulation, can be classified in different mega-categories; human health, 
ecosystem quality, climate change and resources. All mega-categories include and di-
rectly refer to main impact categories, as described above. 
The following table 5.8 presents the total amounts of both roof systems that refer 
to each specific category. The units have been defined by the selected environmental 
analysis method and the category of reference. 
 
  -73- 
Table 5.8: 1st Sensitivity- damage assessment based on end-point categories 
 
 
Moreover, the following chart 5.10 can depict the comparison between each roof 
system, the old and the new assembly, that creates in a comprehensive way the main 
concept of the sensitivity analysis and the total environmental assessment. The compari-
son scale is presented in percentage considering that 100% remains the total amount. 
Results have been undergone in a 0,1% cut-off for presentation reasons. 
 
 
Chart 5.10: 1st Sensitivity- damage assessment based on end-point categories 
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Lifespan 
In the methodology chapter, the entire lifespan of both THR and EGR systems were 
discussed based on relevant literature. According to a comparative LCA study conduct-
ed by Bachawati M. (2015) and many local markets’ reports, a traditional roof is esti-
mated to have an entire structure, life-time of about 5 years [77]. The maintenance of 
final layers, like mastic asphalt, has a 3-5-year life duration until the first replacement, 
while lifetime of all other layers depends on many factors, such as geographical area, 
type of implemented structure etc. This occurs mainly from weather conditions that ef-
fect the performance of each material used. On the contrary, to a green roof system of 
any typology, is estimated that all layers are protected by substrate medium, thus the 
maintenance life is expected to be longer. The majority of experts point out that if the 
application of all material-layers is as it is supposed to be applied and based on manu-
facturer’s manual, the replacement of each polymeric layer is expected to be done up to 
45 years later.  
 In this particular study, the lifespan of both roof systems has initially been analyzed 
in the first year of construction. A sensitivity analysis though is important to be con-
ducted in order to evaluate all potential environmental impacts in long-term basis. More 
specifically, the environmental comparison is made between all same materials and pro-
cesses needed for 1 part of EGR and 3 parts of THR, considering that lifespan of green 
roof is almost triple than a traditional roof. 
 Same as in previous sensitivity analysis, the following presentation of results of sen-
sitivity analysis will be conducted based in damage classification, in mid-points and in 
end-points consequences. 
 
Mid-points 
As previous sensitivity analysis, all outputs that derive from LCI of each assembly can 
be classified into the same main impact categories. The reference unit refers to each cat-
egory and to the selected analysis method. The following table 5.9 shows the amounts 
of contribution of each roof system into impact categories, comparing the initial THR 
with new triple THR and the initial EGR. 
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Table 5.9: 2nd Sensitivity- damage assessment based on mid-point categories 
 
Also, in Appendix Β.8, the chart presents the same amounts of contribution ex-
pressed in percentage.  
 
End-points 
Amounts of output flows of each roof system and the new roof systems, can be 
classified in different mega-categories; human health, ecosystem quality, climate 
change and resources. All mega-categories include and directly refer to main impact 
categories, as presented above. The following table 5.10 presents the total amounts of 
both roof systems that refers to each specific category. The units have been defined by 
the selected environmental analysis method and the category of reference. 
 
Table 5.10: 2nd Sensitivity- damage assessment based on end-point categories 
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Moreover, the following chart 5.11 shows the comparison between each initial THR 
and EGR systems with new THR. This chart can comprehensively create the main con-
cept of this sensitivity analysis and the total environmental assessment of a 45-year of 
lifetime. The comparison scale is presented in percentage, considering that 100% re-
mains the total amount. Results have been undergone in a 0,1% cut-off for presentation 
reasons. 
 
 
Chart 5.11: 2nd Sensitivity- damage assessment based on end-point categories 
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5.2 Economic LCA 
In previous chapter, the methodology for the calculation of both roof systems related to 
LCC analysis, has been presented. More specifically, the LCC analysis concerns direct 
initial costs for the construction of THR and EGR system in the specific case-study ar-
ea, as well as some basic maintenance costs for the first 20 years of installation. Also, 
all necessary data inputs flow for every roof system have been explicitly depicted in 
previous chapter. All these elements contribute to the determination of the overall eco-
nomic evaluation. 
 Table 5.11 below describes the service costs that have been estimated for the period 
of 20 years. In this section only the irrigation and the fertilization were deemed as ser-
vice costs, including some basic gardening maintenance. Each year, the amount spent 
increases considering an average estimated inflation of 0.2% per year, which is related 
to the fixed costs and national standards, such as taxation. 
Table 5.11: Economical Inputs of LCC study for both roof systems 
	 Traditional	Hori-
zontal	Roof	(THR)	
Extensive	Green	
Roof	(EGR)	
Initial	Cost	(€)	 3903986,73	 28661116,13	
Service	cost	per	year		(€)		-	2018	 74812,68	 110477,86	
Service	cost	per	year		(€)		-	2019	 74962,31	 110478,06	
Service	cost	per	year		(€)		-	2020	 75112,23	 110478,27	
Service	cost	per	year		(€)		-	2021	 75262,45	 110478,48	
Service	cost	per	year		(€)		-	2022	 75412,98	 110478,71	
Service	cost	per	year		(€)		-	2023	 75563,81	 110478,93	
Service	cost	per	year		(€)		-	2024	 75714,93	 110479,17	
Service	cost	per	year		(€)		-	2025	 75866,36	 110479,41	
Service	cost	per	year		(€)		-	2026	 76018,10	 110479,66	
Service	cost	per	year		(€)		-	2027	 76170,13	 110479,91	
Service	cost	per	year		(€)		-	2028	 76322,47	 110480,18	
Service	cost	per	year		(€)		-	2029	 76475,12	 110480,45	
Service	cost	per	year		(€)		-	2030	 76628,07	 110480,73	
Service	cost	per	year		(€)		-	2031	 76781,32	 110481,02	
Service	cost	per	year		(€)		-	2032	 76934,89	 110481,31	
Service	cost	per	year		(€)		-	2033	 77088,76	 110481,62	
Service	cost	per	year		(€)		-	2034	 77242,93	 110481,93	
Service	cost	per	year		(€)		-	2035	 77397,42	 110482,26	
Service	cost	per	year		(€)		-	2036	 77552,21	 110482,59	
Service	cost	per	year		(€)		-	2037	 77707,32	 110482,94	
Sum	of	service	cost	2018-2037	 1525026	 2209603	
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This table reveals the sum of all service costs for both roof systems, that contribute 
to the overall LCC assessment. The chart 5.12 below presents the comparison between 
both roof systems into 2 main studied categories. 
 
 
Chart 5.12: Economic comparison of inputs between two roof systems 
 
In conclusion, the cost calculation of each roof system is conducted by the aim of 
the previously mentioned equation, using all data related with construction phase and 
the service life for the period of the first 20 years. The result is depicted in table 5.12 
below. 
Table 5.12: Total values of THR and EGR system, including all inventory flows 
Life	Cycle	Cost	for	20	years	
Traditional	Horizontal	Roof	(THR)	
(€)	
Extensive	Green	Roof	(EGR)	
(€)	
24434214,02	 58407263,00	
 
In following chapter, the cost comparison between THR and EGR will be discussed, 
so as to comprehend all drawbacks and the positive impacts of a potential realistic im-
plementation of both roof system in a particular location. 
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6 Discussion 
Many studies related to lifecycle analysis of green roof implementation reveal all poten-
tial environmental benefits that any type of vegetated roof can provide. But, how can 
the large-scale implementation alleviate some of the environmental consequences 
caused by the dense urban built environment, especially in the city center of Thessalo-
niki? Results of the comparison of Traditional Horizontal Roof (THR) and Extensive 
Green Roof (EGR) show that vegetated or green roof can be an environmental responsi-
ble option for a long-time period. 
 As described in the previous chapter (chapter 5), the environmental LCA has initial-
ly been conducted separately for each roof system, THR and EGR and was followed by 
the comparison of the two systems. Since environmental initial analysis was not stably 
accurate, two sensitivity analysis have been conducted modifying sensitive data. It is 
crucial to figure out that the assessment concerns the hypothetical implementation of 
both roof systems in a specific case-study area, in the district of Thessaloniki’s city cen-
ter. All results have been classified into two main categories; characterization and dam-
aged-oriented. 
 Based on calculations for the environmental life-cycle evaluation of THR, all pollu-
tants can be classified into main impact categories. The comparison between 4 main as-
semblies reveals that the assembly Steel/Rebar and Thermal insulation XPS are present-
ed as by far the most pollutant factors for the entire product of THR. More specifically, 
in ozone layer depletion category, thermal insulation is more pollutant, by more than 
120% (21,9kgCFC-11) of all the other assemblies, while in ecotoxicity categories, ei-
ther terrestrial and aquatic Steel presents high levels of pollution (405kg TEG soil and 
143kgTEG water). All increased factors of Steel assembly can be accounted for the 
manufacturing processes and all required sub-assemblies related to melting techniques, 
so as to be reinforce steel that requires high supplies of energy. In comparison to ready 
concrete assembly, manufacturing process of which mining and melting are concerned, 
levels of pollutants present to be by far lower than levels of Steel. The crucial point 
concerns the category of CO2 emissions derived by all assemblies of THR (638kg CO2). 
Global warming category measures pollutants in kgCO2. Steel and thermal insulation 
reveal to be more pollutant than mastic asphalt and ready concrete by more than 70%. 
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The transportation and melting processes during manufacturing milling of steel, are as-
sumed to be a major factor for the elevation of CO2 levels. The manufacturing of XPS 
thermal insulation is considered to be a hard-chemical treating that emits extensive 
amounts of air-borne pollutants. As overall, CO2 emissions can easily be characterized 
as the main pollutant either in every assembly process or as an entire product.  
 All related results of evaluation of all assemblies of THR can be extrapolated into 4 
main damage-oriented categories; Human health, Ecosystem quality, Climate change 
and Resources. The assembly of steel/ rebar is placed in principal position, while in se-
cond term comes the thermal insulation of XPS concerning pollutants. In Human health 
and in Ecosystem quality, steel assembly is more pollutant by almost 70% than thermal 
insulation (1,54 in comparison with 0,257), while climate change and resources the pro-
portion equals to 50% approximately. Mastic asphalt and Ready concrete remain in sig-
nificant low levels. It is crucial to mention that steel or rebar elements are mandatory for 
the implementation of the entire product of THR, according to legislated Greek anti-
seismic codes and standards, while thermal insulation of XPS can be replaced by other 
types of insulation, manufacturing processes which can be deemed as eco-friendly. Tak-
ing all these into consideration, the first sensitivity analysis, which will be discussed 
below, mainly concerns the replacement of thermal insulation, thus the environmental 
upgrade of the entire roof product.  
 The results of EGR again have been classified again into 2 main categories present-
ing all 10 assemblies that constitute the entire product. In the characterization category, 
as depicted in charts of previous chapter, the steel/ rebar assembly is presented as the 
most pollutant assembly of the entire LCA. More particular, in carginogens 
(113kgC2H3CL), non-carcinogens (829 kgC2H3CL), respiratory inorganics 
(141kgPM2.5), aquatic ecotoxicity (143kgTEG water), terrestrial ecotoxicity 
(405kgTEG soil), aquatic eutrophication (269kgPO4P) and global warming (141kgCO2) 
categories, steel considers to be a dominant pollutant. Thermal insulation is revealed as 
a pollutant mainly in ozone layer depletion category, while it contributes negatively in 
almost every category. Root barrier assembly is the most severe pollutant in respiratory 
organics category, as it is 1,5 times stronger than all other assemblies. This level is ac-
counted from the main material that it is produced, which is chemicals polymers. Also, 
drainage layer and filter layer present a positive fluctuation in almost every single cate-
gory. This can be easily understood if we consider the initial production materials, 
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which are chemical polymers, of different manufacturing processes than polymers of 
root barrier. Many studies, related to artificial polymers used in production, focuses on 
all environmental aspects, concluding that all these final products either have to be re-
placed by eco-friendly materials, or can be implemented as recycled ones in various 
forms. The vegetation medium is presented to have the most environmental positive 
contribution to the entire product of EGR. In non-carcinogens, in aquatic ecotoxicity 
and in terrestrial ecotoxicity the values are negative (-829kgC2H3CL, -152kgTEG wa-
ter and -204kgTEG soil respectively). Vegetation layer appears to have negative envi-
ronmental impact mainly in aquatic eutrophication, accounted from the fact that it con-
tains soil water and overall enrich soil with a huge variety of nutrients and minerals that 
enforced the overgrowth of plants. The entire product of EGR seems to be polluted by 
CO2 emissions that derive more or less by every single assembly used. The major pollu-
tant seems to be on the substrate layer, which is characterized by the intensive transpor-
tation processes of all sub-assemblies, while there is no manufacturing process but only 
mining from specific spots in nature. 
 Seemly in damage-oriented or end-point classification, the overall environmental 
consequence is disgraced mainly by the contribution of Steel in almost every single im-
pact category. The second more environmental negative feature remains to be the 
Thermal insulation of XPS assembly that is characterized as almost the half of steel as-
sembly. Only in ecosystem quality category, the dominant feature is the mastic asphalt 
assembly that exceeds steel assembly in double. Climate change category is deemed as 
the main subject of this particular case-study. Hence, steel and thermal insulation are the 
main pollutants while root barrier remains in high levels of CO2 air-borne pollutants. 
This feature is derived from chemical manufacturing processes, as described above. 
Thus, in sensitivity analysis the replacement of thermal insulation has been proposed. 
According to peer-literature, green roof technologies used in Southern climate recom-
mend in extensive degree the implementation of polymeric materials like root barrier, 
drainage and filter layer, while the replacement by natural materials is not so popular 
due to local market development. 
This particular case-study aims to a better understanding of potential environ-
mental consequences extracted by the comparison of THR and EGR system, through the 
LCA evaluation. As mentioned in previous chapters, all inventory inputs and outputs of 
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every phase of every assembly in both roof systems could be seen as entire products of 
specific elements.  
The LCA of both products has been conducted in the same way as each single roof 
product and results have been concluded into two main categories; characterization and 
damage-oriented. In the first category, according to the presented tables of chapter 5, 
the overall profile of the evaluation shows that the green roof is more pollutant than the 
traditional roof, in almost every single impact category. More specifically, only in non-
carcinogens, aquatic exotoxicity and terrestrial ecotoxicity, EGR seems to be by far less 
pollutant than THR and in latter category, the proportion is negative. This fact can be 
explained due to air and water purification benefits of vegetation layer, as it has been 
discussed in previous chapter. Levels of CO2 emissions remain more or less equals, with 
more than 75% in comparison with all containing substances of every roof type (in a 
0,1% cut-off preview). EGR system includes more substances than THR system that 
contribute negatively in the entire environmental evaluation, explaining the fact that 
EGR contains 10 main assemblies while THR contains only 4 main assemblies. 
 In damage-oriented evaluation, the comparison seems to be the same as in character-
ization. In carcinogens, respiratory organics, ozone layer depletion, respiratory organics, 
terrestrial acidification and global warning category, EGR is presented as almost 2-
times more pollutant than THR system. In global warming category, in which this case-
study gives more emphasis, THR has 2.13kgCO2 while EGR has 3.08kgCO2. High lev-
els of all air-borne carbon dioxide pollutants of EGR might be explained by the use of 
polymeric materials, as mentioned before, by drainage, filter and root barrier layers. 
There is no use of such environmental harmful materials in THR. Additionally, the pro-
duction and the implementation of steel as rebar and XPS thermal insulation, on both 
roof systems, have negative impact on LCA providing increasing the levels of CO2, or 
global warming category.  
Last but not least, in every single damage category (human health, ecosystem quali-
ty, climate change and resources) EGR appears a more pollutant element in comparison 
to THR, by an average portion of 47%. It is important to point out that these results of 
the environmental analysis can be realistic, considering a cradle-to-gate analysis that 
ends in the construction phase. EGR contains almost 3 times more construction materi-
als meaning more environmental damaging during the whole manufacturing processes 
until the implementation phase. 
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Considering the environmental evaluation of assemblies either of each single roof sys-
tem or of entire products, a sensitivity analysis is required as a crucial factor or process, 
for better comprehending the overall of LCA. As presented in previous chapters, the 
first sensitivity analysis deals with the replacement of thermal insulation, of XPS to 
100% recycled insulation boards. In the evaluation, thermal insulation almost appears to 
be the most pollutant construction element, excluding all polymeric materials, the re-
placement of which is not an easy task. Thus, the new LCA reveals that in every impact 
category, the pollutant significance factors have been decreased. In global warming cat-
egory, which is more important, in THR and in EGR systems, levels have been declined 
by 61% approximately (from 2,13 to 1,52kgCO2 and from 3,08 to 2,46 kgCO2 respec-
tively), might be deemed as an achievement for the overall environmental profile. In 
damage-oriented categories, there is also a significant decrease in pollution values. In 
human health, there is a decline of 23%, in ecosystem quality of 11%, in climate change 
of 61% and in resources 10,5%. All these reduction in every category reveals in the 
same way in both roof systems, while the implementation of thermal insulation is com-
mon. It is an essential factor that a material that is produced by extruded polysterine 
through a tough chemical manufacturing process, to be by far more pollutant than a 
100% recycled insulation type, derived from the recycling of common-type materials. 
Hence, this can be an environmental example for the implementation of recycling mate-
rials and the replacement of old materials with new ones eco-friendlier. 
The second and the most valuable issue sensitivity analysis concerns with, is the 
lifespan of each roof type. The implementation of either THR or EGR is a subject with a 
long-time duration, while the construction of each roof type is directly correlated with 
the entire building construction. Bachawati M. (2015) states that the lifetime of a typi-
cal-conventional roof, without the replacement of any material used, is estimated to 
about 5 years, while many relative studies conclude that a green roof of any type can be 
implemented without service for up to 15 years [78]. Local suppliers and manufacturers 
of the main material used for any green roof technology, such as root barrier produced 
by chemical polymers, can endure by more than 15 years. Thus, in this particular case-
study, it is deemed as important to environmentally evaluate potential consequences for 
over the first 15 years of installation. All relative results configure a more realistic envi-
ronmental profile than all initial comparison and LCA.  
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In this sensitivity analysis, all materials and assemblies remain the same with the 
initial LCA, altering only all necessary amounts; 1 part of EGR and 3 parts of THR con-
sidering that EGR lives by 3 times more than THR. Extracted results have been classi-
fied into the same two categories. In characterization category, negative consequences 
can obviously be distinguished. In every single impact category pollutants’ amount of 
THR exceed values of EGR from 38% until 69%. The most exemplary category is res-
piratory organics, values of which have been increased by almost 3 times (from 1.19 to 
3.56 in DALY scale). On the contrary, values in aquatic ecotoxicity have been de-
creased by more than 3 times (from 7.73 to 2.32), while this category remains unique as 
EGR values are higher than these of THR. This fact can be explained by the continuous 
need of irrigation in EGR system, considering supply and all necessary processes of wa-
ter at tap. CO2 levels in the global warming category presented to be higher by 3 times 
in THR system (from 2.13kgCO2 to 6.39kgCO2), while EGR is presented to have less 
negative effect than THR by almost 2 times. Despite the fact that more materials are 
implemented in EGR system and many of them are chemical produced, carbon footprint 
levels remain lower than in the THR system. Vegetation layer and substrate medium 
constitute the main key factors for the mitigation of carbon emissions as they constitute 
by their nature an important purification mean.  
Furthermore, in damage-oriented category, results demonstrate an important 
fluctuation of the environmental profile of bot roof systems. As presented in the initial 
comparison, in all 4 categories EGR assemblies constitute the most negative conse-
quences as values were exceeded by initial THR. In this sensitivity analysis, the overall 
profile presents that EGR is by far the least pollutant; in human health, in climate 
change and in resources category, THR values are increased by about 55%, 45% and 
30% respectively than values of EGR. Only in ecosystem quality category, EGR is pre-
sented to be by up to 0,9% more pollutant than in THR (1.27 than 1.16PDF*m2*yr), due 
to the existence of 4 materials produced by chemical polymeric that affects negatively 
the environment during manufacturing process. 
For the overall evaluation of both roof systems, LCC analysis was necessary so 
as all benefits and/or drawbacks to be presented, extracted the cost needed for the hypo-
thetical implementation. Taking into consideration the lifetime sensitivity analysis, 
which provides a more realistic profile to the overall environmental assessment, all nec-
essary costs have been categorized into two main groups; the initial cost, needed for the 
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construction of each roof type and the service cost. In the initial cost, all materials and 
assemblies that have been described above, have been included. All prices derived ei-
ther by online reported documents of Greek companies or by peer-literature related with 
material used in every type of roof systems. The service cost category concerns all re-
quired costs for a period of 20 years. According to expert’s advice, the EGR system 
needs irrigation, fertilizing and gardening. In both systems, the replacement of any ma-
terial used do not include subject of this comparative study. It is, also, crucial to point 
out that service costs and price of water have been extrapolated by an average inflation 
of 0,2% per year for 20 years. This inflation has been extracted, as an average value, by 
the comparison of inflation rates of last 10 years reported by Hellenic Statistical Author-
ity.  
Tables and charts in chapter 5 present that initial costs of THR equals with al-
most 4 million Euros while costs of EGR equals with almost 29 million Euros. These 
amounts concern only the initial supply and proper installation of every assembly in 
both roof systems. The difference between the two systems is extremely high due to the 
fact that EGR needs almost 3 times more assemblies than THR. The maintenance cost 
remains almost the same (1.5 million for THR and 2.2 million for EGR), while there is 
no big gap between amounts of each system, despite that green roofs need more mainte-
nance than traditional ones. According to the local market, the maintenance of tradition-
al roof is considered expensive and concerns only the up-keeping of mastic asphalt, 
which wears away or even erodes with the passage of time. EGR system requires about 
1,60€/m2/year, while THR system needs 1,08€/m2/year despite that the first one needs 
more maintenance tasks. Obviously, calculating all the above amounts and taking into 
consideration the mentioned yearly inflation rate, the EGR system requires by far more 
expenses than THR system (58.4 than 24.4 million Euros respectively) given at mini-
mum a 20-year lifetime.  
As Li (2004) states, a green roof system of any type can be by far more expen-
sive than conventional roofs, but in a life-span of more than 60 years a vegetated roof 
can be more cost efficient, returning back investments of fists years, considering several 
environmental benefits and energy efficiency that provides to the building unit and to 
the overall environmental [83]. The total cost for the implementation of EGR in all 
available roof surfaces of almost 70.000m2 in 697 building units can be deemed firstly 
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as cost effective process or as an environmental strategy for the local climate and an up-
grade of occupants’ comfort levels. 
According to all mentioned results of sensitivity analysis of this particular case-
study, it is obvious that the implementation of green roof can be environmentally signif-
icant in comparison to traditional roofs. More specifically, the area of Thessaloniki fac-
es many environmental consequences, the most significant of which remain to be the 
space inadequacy, the air pollution and flood risks, as described in chapter 3.1.2. The 
hypothetical implementation of EGR in this particular case-study would provide in oc-
cupants more green-open-spaces for personal activities into roof top of every single 
building unit. Until now, every resident of city center corresponds only to 2,15m2 of 
green area into densely constructed urban layer. The hypothetical installation of about 
70.000m2 of green roof would significantly extent this proportion, almost reaching in-
dicators presented in metropolitan cities of central Europe, such as Berlin 
(3.79m2/resident) [65].  
For almost every region, the air pollution constitutes a big issue regarding urban-
ization and growth of commercial and industrial activities. For the area of Thessaloniki, 
air pollution is mainly caused by car traffic and rampant domestic heating activity. Ac-
cording to studies, like Yang’s (2008) and Hong et al (2012), the installation of green 
roof in extensive way into city layout could significantly reduce air-borne pollutants 
caused by human activities by 52% approximately [80,67]. The results of this particular 
study reveal that, as total, an extensive green roof can be more than 34% less pollutant 
than a conventional roof; thus, all air-borne pollutants could be respectively decreased. 
The most crucial pollutant element is concerned to be CO2 emissions, with the imple-
mentation of which the amount could be mitigated in an extensive way. According to 
results of LCA, an EGR can reduce by 3.31kg the CO2 in comparison to the THR. 
Hence, the specific case-study in the district of Thessaloniki could be less pollutant, 
considering that car traffic and heating activities remain constant. The implementation 
of EGR in conjunction with some existence green spaces surrounding this area, would 
positively affect the entire city center, creating the effect of an environmental buffer 
zone. 
 This particular study concludes that a green roof could provide environmental 
benefits into the implemented area, by the reduction of air-borne pollutants. As men-
tioned in chapter 2, a green roof constitutes by its nature a purification factor for air and 
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water pollutants. Mainly the vegetation layer, depending of plant species, and the sub-
strate layer can significantly mitigate the main concern of almost every metropolitan 
city for the pollutants of human activities. The urban layout and human activities 
growth effect for the phenomenon of Urban Heat Island that cause occupants’ life. 
Hence, the installation of every type of green roof can provide a different environmental 
profile into city creating more sufficient comfort conditions for every resident. Despite 
the fact that the installation of a green roof presents to have high initial cost, all the en-
vironmental benefits extracted in a long-run basis, would conclude in a responsible eco-
friendly aspect for everyone. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Global warming is a reality that every society daily faces, thus it is increasingly  
important to be aware of environmental issues [4 
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